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PREFACE 


The Electric and Hybrid Vehicle Research, Development, and Demonstration 
Act of 1976 (Public Law 94-413) authorized a Federal program of research and 
development designed to promote electric and hybrid vehicle technologies. The 
Department of Energy (DOE), which has the responsibility for implementing the 
act, established the Electric and Hybrid Vehicle Research, Development, and 
Demonstration Program within the Office of Transportation Programs to manage 
the activities required by Public Law 94-415. 

The National Aeronautics and Space Administration (NASA) was authorized 
under an interagency agreement (Number EC-77-A-3 1-1044) with DOE to undertake 
research and development of propulsion systems for electric and hybrid vehicles. 
The Lewis Research Center was made the responsible NASA center for this project. 
The study presented In this report is an early part of the Lewis Research Center 
program for propulsion system research and development for hybrid vehicles. 
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SUMMARY 


The objective of this study was to evaluate a number of hybrid propulsion 
systems for application In several different mlsslon/vohlcie types. The program 
was divided Into three major tasks during which the various system configurations 
were parametrically evaluated and compared, design tradeoffs performed, and a 
conceptual design produced. 

The objectives of Task I were to examine and compare five propulsion system 
concepts In five different types of vehicle, weigh their relative merits, and 
recommend two propulsion configurations for a more detailed design tradeoff 
evaluation. The propulsion systems studied Included heat engine/battery hybrids, 
heat engine/battery/f lywheel hybrids, and a pure heat engine/flywheel system. 

The mlsslon/vehlcle types studied were a 2-passenger commuter car, 4-passenger 
local sedan, 6-passenger Intercity sedan, 8-passenger van, and a 50-passenger 
city bus. 

Each vehicle/propulslon system concept was analyzed using common ground 
rules and analytical procedures so that relative comparisons could be made. 

These Task I comparisons led to the selection of two candidate propulsion 
system concepts for further detail study. A five-passenger family sedan was 
also selected as the recommended vehicle. 

In Task II, design tradeoffs were made on the two candidate propulsion 
systems to find the optimum component characteristics for meeting all perfor- 
mance goals. Comparisons were made in terms of fuel usage, electric range, and 
acquisition and life-cycle costs. The most cost effective system was chosen and 
optimized to further reduce costs and fuel usage. 

The final propulsion system selected to be conceptually designed In Task III 
had the following principal features: spark Ignition gasoline engine (65 kW), 

brushless dc permanent-magnet motor (20 kW), variable frequency Inverter (40 kW), 
continuously variable traction transmission, I SOA lead-acid battery pack (386 kg), 
and a transaxle. 

The final propulsion system was sized to meet all the performance goals 
established In the study for the five-passenger sedan. Including acceleration 
from 0 to 90 km/hr In 12 s and sustained 90 km/hr climb on a four-percent 
grade. This propulsion system features two automatic operational modes, l.e., 
an electric mode and a heat engine mode. Mode determination Is based on the 
state-of-charge of the battery. In the electric mode the battery is load- 
levelled by the heat engine during periods of high power demand such as those 
which occur when the vehicle Is accelerating. During periods of low power 
demand, such as those encountered during steady-state operation, the battery 
supplies all the power. In the heat engine mode the roles are reversed; l.e., 
the heat engine is load-levelled by the battery during high power demand 
periods and supplies all the power during steady-state operation. In both 
modes, regenerative braking energy Is absorbed by the battery. 


The performance, cost, and design features of the final propulsion system 
are summarized as follows: 

Vehicle test weight, kg 2032 

Battery weight, kg 386 

Propulsion system weight, kg 414 

Maximum acceleration, 0 to 90 km/hr, s 12 

Maximum speed, km/hr 105 

Prime electric range, km 218 

Battery usage, percent depth of discharge 80 

Fuel usage, km/ 1 Iter 30 

Extended range (engine mode) limited by fuel 

capacity 

Fuel usage on special test cycle, km/I Iter 14 
Fuel usage at constant 90 km/hr, krn/liter 18 

Propulsion system life-cycle cost, $/km 0.054 

Propulsion system acquisition cost, $ 3214 

Annual fuel usage, liter 590 


INTRODUCTION 


The program described In this report was Initiated to Identify and evaluate 
advanced hybrid propulsion systems for a spectrum of mission vehicles. Hybrid 
vehicles are of Interest because their use will reduce petroleum consumption. 
Today about half of the petroleum consumed In the United States Is used for 
transportation. The Introduction of hybrid vehicles could significantly shift 
the transportation energy base to other sources such as coal, nuclear, and solar. 


Background 

In 1976 the Electric and Hybrid Vehicle Program was established within 
the Energy Research and Development Administration (ERDA), now the Department 
of Energy (DOE). In September Congress passed the Electric and Hybrid Vehicle 
Research, Development, and Demonstration Act of 1976 (Public Law 94-413). This 
act Is Intended to accelerate the Integration of electric and hybrid vehicles 
Into the nation's transportation system and to stimulate growth In the electric 
and hybrid vehicle Industry. 


Program Objectives 
There are two overal I program objectives: 

• Determine vehicle type/propuls Ion arrangement/propuls Ion components 
that minimize the nation's use of liquid petroleum. 

• Design the selected propulsion system/vehicle In such a way that when 
compared with Its equivalent conventional counterpart, the hybrid 
system has: 

(a) Competitive acquisition cost 

(b) Lower life-cycle cost (10 years) 

All propulsion system design concepts were based on propulsion components 
that could be developed by 1983. 


Program Tasks 

The program effort Is discussed In this report In terms of the three 
principal tasks: 

• Task I— Parametrical investigation of 15 vehicle type/hybrid pro- 
pulsion system concepts in terms of acquisition and life-cycle costs, 
electric ranges, and petroleum usage. Included in this investigation 
were two battery types and three heat engine types. This work 
resulted In the recommendation of two propulsion systems and one 
miss lon/vehicle designation for further study and definition. 
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• Task 1 1 " •■Performance of design tradeoff studies of tlio two candidate 
systems on the basis of cost end fuel savings to S!i;loct the one that 
Is most cost effective. Included In the system selection was the 
battery type. The selected system was optimized to maximize Its 
cost benefit to the consumer. 

• Task II l* ~Preparatlon of a conceptual design of the selected system, 
documenting weight, performance, design features, diethod of operation, 
and acquisition and life-cycle costs. 

Task 1. parametric studies .— FI ve misslon/vehicle designations were Included 
In the parametric Investigations; 

• Two-passenger commuting 

• Four-passenger family use (local) 

• Six-passenger family use (Intercity) 

• Eight-passenger van (variable route) 

• Fifty-passenger city bus (variable route) 

Three different basic propulsion system types were combined with the 
Identified vehicles to form the Task 1 study matrix. The propulsion system 
typos that were evaluated are: 

• Hybrid 

• Hybrid with mechanical energy storage (MES) 

• Mechanical energy storage/heat engine only 

All the hybrid and hybr Id-wlth-MES propulsion concepts were evaluated 
using an Improved state-of-the-art (ISOA) lead-acid battery and an advanced 
nickel -zinc battery. The basic heat engine for the study was a spark- ignition 
gasoline type. It was used with all systems. In addition, a naturally aspir- 
ated diesel engine and an advanced gas turbine engine wore substituted Into 
selected vehicle/propulslon system arrangements for comparison with the basic 
engine. The flywheel MES/heat engine propulsion system concepts were treated 
Independently of the other two propulsion system types. This special type 
system was evaluated In the heavier vehicles of the study (the Intercity sedan, 
van, and bus) to parametrically determine wall-plug (electric) range vs fly- 
wheel storage capacity. 

The effect of power sharing between the battery and flywheel MES (I.e., 
load-leveling the battery) was examined as part of the parametric work to 
determine Its Impact on propulsion system costs and energy efficiency. 
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Each vehlcle/propuislon system concept was designed to meet the specified 
performance goals that were establlshec for the Individual vehicles as part 
of the contract. In addition to maintaining constant vehicular performance, 
a structural growth factor of 1*3;) was used to determine each new vehicle 
test weight as a function of parametric changes In the propulsion systems. 

The vehicle/propulsion system concepts were evaluated over a modified SAE 227a 
schedule D cycle to determine their electric ranges, fuel usage, and life cycle 
costs. 

Task II, design tradeoff studles .»»~Deslgn tradeoff studies were performed 
on the two candidate propulsion systems that were selected from the Task I 
study. One system was a pure hybrid type and the other was a hybrid with fly- 
wheel MES typo. Both systems have parallel power paths between the heat engine 
and battery. The miss I on /vehicle was designated as a five-passenger family 
sedan with performance requirements that are In line with currently available 
automob I les. 

The systems were evaluated using both lead-acid and nickel-zinc batteries. 
Power sharing between the heat engine and battery was introduced Into the 
study* 

The tradeoffs wore performed by varying battery weight, power sharing 
split, and heat engine size. The systenis were ranked In terms of a cost benefit 
definition that was developed for the study. A single system (Including battery 
type) was selected to be optimized. 

Information was generated In terms of electric range, annual fuel usage, 
and acquisition and life-cycle costs. Electric range and fuel usage were also 
predicted using the federal urban and highway driving cycles for the optimized 
system. 


Sensitivity studies were performed on the optimized system to determine 
the effects of engine operation (on-off or continuous), engine type (spark- 
Ignltion or diesel), petroleum costs (gasoline and diesel), and electricity 
costs. In addition, a cursory Investigation was made on the effects of varying 
one of the performance goals, such as the 0- to 90-km/hr acceleration time. 

The effect of changing the basic driving cycle of the study was also examined 
in terms of costs, electric range, and annual petroleum usage. 

Task III, conceptual design .— The propulsion components for the optimized 
system were geometrically defined, their performance was specified, and 
conceptual design drawings were made that Included an Installation drawing. 

A method of operation was prepared that Included a definition of the power 
and energy management schedule. A summary of the propulsion system costs, 
weights, and performance data is a part of the design description. 

This document also presents a discussion of the effects of on-off opera- 
tion on the durability of a spark-ignition heat engine. 
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PART A 


TASK I, PARAMETRIC STUDIES 
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CONCEPTS FOR TASK I PARAMETRIC STUDIES 


The Task I work Is described In the following subsections* Included Is 
the Information used to perform the Task I effort as well as a description of 
tho analytical work, results, and conclusions. 

To complete the Task I effort, AIResearch performed parametric studies on 
a total of five propulsion system concepts that were configured to comply with 
the contract ground rules and requirements. The propulsion concepts were com- 
bined with the five contract-specified misslon/vehicles to arrive at the matrix 
of vehicular systems shown In figs. 1 through 5. The fifteen identified 
vehicle/propu Islon system combinations were parametrically examined to deter- 
mine the best candidates to carry Into the Task II effort for further analysis 
and refinement. 
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Figure 1.— Hybrid propulsion system concept 1.1. 
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Figure 3« — hybrio propulsion systein concept 2.1 
(with mechanical energy storage). 
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Figure 4. — flybrld propulsion system concept 2*2 
(with mechanical energy storage). 
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Figure 5. “Propulsion system concept 2.3 (with mechanical 
energy storage and heat engine power). 











STUDY GOALS, REQUIREMENTS, GROUND RULES, AND DEFINITIONS 


A number of goals, requirements, and ground rules were Imposed by the 
statement of work and. subsequent agreements to constrain the latitude of the 
Investigations. These constraints were applied throughout the contracted work. 


Design Goals 

The advanced hybrid propulsion systems considered in this study were config- 
ured to conform to the basic ground rules and requirements that are specified In 
the following subsections, with the objective of meeting the goals listed below 
when incorporated Into the Identified mission/vehicles. 

Cost goa I . —A major goal of this work was to provide a hybrid propulsion 
system design characterized by little or no initial and life-cycle cost penalty 
to the consumer In comparison with conventional vehicles of similar utility. 

As a reference point the life-cycle-cost goal for misslon/vehicle B In figs. 1 
to 5 is $0. 05/km ($0. 08/mi). This Is the cost of the propulsion system with 
the primary energy storage device and the fuel and electric energy. 

Propulsion energy efficiency and vehicle range goals .— The major goal of 
this contract was to reduce petroleum consumption and minimize total propulsion 
energy usage but still provide the range and basic performance of a conventional 
vehicle. Quantitative goals were not specified; however. In Tasks I and II, the 
calculation of vehicle yearly fuel and electricity use, energy requirements as 
a function of range, and energy distributions In the propulsion system are 
predicted. This Information will assist in setting future goals. 

Vehicle performance goa I s .--A I Research was Instructed to attempt to design 
all vehicle/propulsion system combinations (figs. 1 to 5) such that the per- 
formance goals listed in table 1 could be met. AIResearch interpreted these 
goals, with NASA concurrence, as requirements, and thus all configurations will 
meet them. The specified requirements apply at an ambient temperature of 20“C 
(68®F) and for a new traction battery. 

A basic goal for all reference vehicles Is that their range be limited only 
by the quantity of on-board fuel. 


Design Requirements 

The design requirements described below were imposed on all the vehicle/ 
propulsion system combinations that were studied. 

Reference misslon/vehicle design constraints .— Table 2 lists the con- 
tractual design constraints that were specified for each of the designated 
mission/vehicles. 
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Propulsion energy sources ,— The advanced hybrid propulsion system must 
use at least two sources of propulsion energy: 

(1) Wall-plug electrical energy, storable within the vehicle 

(2) Gasoline or diesel fuel 

The device that stores or contains the wall-plug energy on board the 
vehicle is called the primary energy storage system. This system will be 
chargeable using wall plug electricity In the following ways: 

(1) On-board charging system that uses a 60-Hz, 120- or 240-VAC, I5-A 
and/or 30-A supply outlet. 

(2) Off-board charge system that receives its power from a i50-Hz, single- 
phase, 240-VAC or 208-VAC, 60-amp supply outlet. 

Required level of technology .— The level of technology required for work 
under this contract is defined as advanced, and It conforms to the following 
definitions: 

(1) Advanced technology; A product, system, or process that Is concep- 
tualized and Is predicted to be achievable through the application 
of applied research followed by engineering development with the 
hardware being available at the end of fiscal year 1983. 

(2) Technology utilization; The conceptual propulsion system design 
shall emphasize technology that can take advantage of our country's 
domestic raw material resources. The concept must not exchange 
our present problem of a domestic petroleum shortage for some other 
potential material supply crisis beyond our national control. 

Control character I sties .— The operation of the advanced propulsion system 
(response time, dr i veabi I ity, and complexity) should be similar to that of 
a conventional propulsion system/vehicle. 

Reference battery characteristics . — The battery characteristics defined 
In table 3 were used. The state-of-the-art (SOA) lead-acid battery is listed 
for reference only and was not used. The characteristics of the Improved 
state-of-the-art (ISOA) lead-acid battery and of the nickel-zinc battery were 
used for all work involving the use of batteries for primary energy storage. 

The character I st I cs for the ISOA battery and the nickel -zinc battery are goals 
established by the DOE for battery development to be completed In 1981. 

Propulsion system emissions . — Although the prime objective of the work 
is the reduction of petroleum consumption, such reduction must be accomplished 
within the framework of acceptable pollutant emission levels as defined by 
those Federal statutory standards applicable to this work. 
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TABLE 3.— BATTERY CHARACTERISTICS 


Pjarametor 


Battery 

Types 

I Lead-add 

Nickel-zinc 

SOA 

ISOA 

Specific energy, W-hr/kg 

25 1 

40 ^ 

80^2 

Specific power, W/kg 

9q3 

100^ 

1505»4 

Cycle IlfeS 

300 

800 

500 

Cost®, $/kW-hr 

50 

50 

75 

Energy efficiency 

>0.6 

>0.6 

>0.7 


0) At a 3-hr dischargo rate and an 8-hr charge rate. 

(2) Rated at 100 percent discharge. 

(3) Peak from battery, 15 s average. 

(4) At 80 percent discharged state. 

(5) Number of discharges to 80 percent depth of discharge from 
rated capacity. Duty cycle Is 4 to 8 hr charge, 2 to 4 hr 
discharge rate. 

(6) Price delivered to auto dealer with a production of 10 000 vehicle 
units per year. Dealer markup Is 30 percent above his cost. 


Safety .— -Al I applicable Federal motor vehicle safety standards were applied 
to the study work. 

Maintenance and rel labt I Ity .*"- The maintenance and rel iabl I Ity wl II be 
equivalent to that of a 1977 conventional vehicle of a similar mlsslon/vehlcle 
type. 

Environmental capabi I Ity . —The propulsion system will be operable over an 
ambient temperature range from -29®C (-20‘’F) or less to +52®C (+125“F) or more. 

Aval lab! I ity . — The propulsion system will not contain technology so 
advanced that It could not be available for Inclusion in an engineering model 
of the propulsion system In 1983. 


Study Ground Rules 

In addition to the previously stated goals and requirements, a set of 
ground rules was also established by NASA. 
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bpoclal tost cycle .— -Tho specific petroleum fuel consumption and the 
specific wall plug recharge energy consumption wore predicted os a function 
of distance traveled for each of the veh Id e/propuls Ion system combinations 
Identified In figs. 1 to 5. The calculations assumed a fully charged primary 
energy storage system and a full tank of fuel at the start of the mission. The 
continuous execution of the special tost cycle described In fig. 6 was used 
for mlsslon/vehlclos h, B, C, and D. For misslon/vohicle £ (variable route 
bus), the SAE standard procedure J227a, Cycle C, was used. 

Annual energy usage .— -Table 4 specifies a dally range frequency distri- 
bution for one year. The specified distribution was used to calculate the fuel 
and electricity usage on a yearly basis for the veh Id e/propuls ton system com- 
binations except for the city bus. For days with less than an 80-km range, the 
special test cycle (STC) shown In fig. 6 was assumed. For days with 80-km 
range or more, 10 percent of the distance was assumed to be driven over the 
STC, and 90 percent of the distance was assumed to be driven at a steady speed 
of 90 km/hr (56 mph). For the city bus, the dally range was assumed to be 
constant and SAE J227a, schedule C, was used. 


TABLE 4.— DAILY RANGE FREQUENCY FOR ONE YEAR 


Dally 

range, 

No. of days 
of the year 

Total 

range, 

■■ 

■HIBli 

km 


0 

( 0.0) 

16 

0 

OBI 

10 

( 6.2) 

130 

1300 

vBm 

30 

( 18.6) 

85 

2550 

nBM 

50 

( 31.1) 

57 

2850 

(1771) 

80 

( 49.7) 

54 

4320 

(2685) 

130 

( 80.8) 

12 

1560 

( 970) 

160 

( 99.4) 

7 

1120 

( 696) 

500 

(311.0) 

3 

1500 

( 932) 

800 

(497.0) 

1 

800 

( 497) 

Tota 1 s 

365 

16000 

(9944) 


Weight prediction methods . — The parametric representation of weight and 
the mission/vehide specffic weight constants that were defined by NASA are 
displayed in tables 5 and 6, respectively. The weights of the propulsion 
system elements were determined independently. A weight growth factor of 
30 percent was used to adjust each vehicle's curb weight as the propulsion 
system weight, and battery weight was varied from a calculated reference. 

Battery performance . — The curves for battery performance (fig. 7) and 
cycle-life (fig. 8) were provided by NASA to be used as input data for this 
study. 
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TABLE 5.— PARAMETRIC REPRESENTATION OP WEIGHT 


Symbol 

Definition 

Formula j 

WpL, max. 

Maximum design payload 

1 

1 

Wtl 

Test payload 

1 

1 

Wp 

•Fixed weight 

1 

Wg 

Gross vehicle weight 

W(3 * W$ + WpL + Wp + Wp 

Wc 

Curb weight 

Wq ■ Wq - WpL^ 

Wj 

Test weight 

Wt ■ Wq + WjL 

Ws 

Structure and chassis weight 

Ws ■ 0.23 Wq 

Wp 

Propulsion weight 

Determined by contractor 


TABLE 6.— MISSION/VEHICLE SPECIFIC WEIGHT CONSTANTS 


Constant 

Units 

Mlsslon/vehicle 

A 

B 

C 

D 

E 

WpL, max. 

kg (lb) 

166(366) 

272(600) 

508(1120) 

1043(2300) 

3629(8000) ' 

Wtl 

kg (lb) 

83(183) 

136(300) 

254(560) 

522(1150) 

1815(4000) 

Wp 

kg (lb) 

:04(460) 

408(900) 

612(1350) 

816(1800) 

5200(11 464) 


L 1 f e-cyc I e-cost ca I cu I at Ions . —The following 1 1 fe-cycle-cost guldol Ines 
wore provided by NASA as part of the contract; 

(1) Costs shall be calculated only for the propulsion system plus the 
battery. Therefore other vehicle costs, insurance, and taxes 
are not Included. 

(2) Use 1976 dollars. 

(3) Acquisition cost Is the sum of the OEM cost (manufacturing cost plus 
corporate level costs such as general and administrative, required 
return on Investments of facilities and tooling, cost of sales,...) 
of components plus the cost of assembling the components plus the 
dealer markup (assume !7 percent). 

(4) Annual production is 100 000 units. 
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Specific energy, W.hr/kg 


Figure T.—Battery performance characteristics. 


(5) Operating cost Is the sum of maintenance costs, repair costs, 
electricity cost, fuel cost, and primary energy storage replace- 
ment costs (If applicable). The Information In table 4 Is used 
to determine how much of each energy type (fuel or electricity) 

Is required over a one-year period. 

(6) Throe sets of fuel and electricity costs are provided and are assumed 
to be valid In dollars current for the year shown at the top of each 
CO I umn 5 


Item 

. Unl t^cQSt. dollars 1 

1980 

1985 

1990 

Gasol Ine, per gal Ion 
DIesol fuel, per gallon 
Electricity, per kW-hr 

$ 1.00 
0.90 
0.05 

$ 1.50 
1.35 
0.06 

$ 2.00 
1.80 
0.07 


If the detailed work scope permits only one set of figures to be used, 
the 1985 column should be used. Otherwise, all three columns of figures 
may bo used for a sensitivity study of the effect of energy costss. 

(7) Vehicle lifetime Is 10 years and 160 000 km (100 000 ml). 
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<8) A constant noninflating dollar Is assumed. No Inflation factor 
is Included In the discount rate since It Is assumed that personal 
disposable Income tracks Inflation. 

(9) A two percent discount rate for personal cars shall be used, as it 
represents only time preference (opportunity cost). For commercial 
vehicles (D and E in figs. 1 to 5), a discount rate of ten percent 
shall be used. 

(10) Cost of finance is not Included In this procedure, since It Is assumed 
that the discounted present value of the sequence of total payments 
would approximately equal the original purchase price. 

(11) All expenses are assumed to be costed at the end of each year. Year 
'Zero* is reserved for those costs that must be Incurred before the 
vehicle Is operated. 

02) Scrap/salvage value is 10 percent. 

(13) In determining the life of propulsion system components (such as a 
primary energy storage system), assume that the vehicle Is driven 

16 000 km (10 000 mi) per year. For the city bus (mission vehicle E), 
assume 32 000 km (20 000 ml) per year service. Assume the trip dis- 
tribution for the mission/vehicles as listed (on a yearly basis) In 
table 4. The component life shall be determined based on these trip 
distributions, field environmental effects, and the degradations due 
to the actual conditions imposed on the components by the rest of 
the system and vehicle. 

(14) The calculation of life-cycle cost shall follow the format shown on 
worksheets 1 and 2 (see figs. 9 and 10, respectively), using the 
following Instructions: 

(a) The purchase price is entered on the appropriate line of the 
life-cycle-cost worksheet as a year "Zero" cost. 

(b) Operating costs: electricity, fuel, maintenance and repair, 

and primary energy storage system replacement costs (If any) 
are copied from the operating cost worksheet to the same 
position on the life-cycle-cost worksheet. 

(c) Discount factor = (1/(1 + I)'*’ is computed for each year (where 
t = year 0 to 10 and I equals the discount rate). 

(d) For each year, the discount factor times the cost gives the 
present value of the cost for that year. These are summed to 
provide the discounted present value of the life-cycle cost. 

(e) The value computed in step (d) is divided by the total distance 
driven to provide the life-cycle cost per km and is expressed 
in cents per km. 
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Figure 9 • — Operating cost worksheet. 

























study Definitions 

The definitions listed below apply for the work performed In this study. 


Hybrid vehicle . — A complete self-propelled vehicle system whose propulsion 
energy Is derived from two or more externa! energy sources, one of which Is 
electrical . 

Hybrid propulsion system .— The aggregation of all components that comprise 
the power train, plus accessory drives and auxiliaries, including the battery 
chargor and primary energy storage system, but excluding tiros. 

Power train .— The aggregation of all components that comprise the drive 
train, the power plant, vehicle drive axle, and all secondary energy storage 
elements. 

Power plant . — The basic power-producing unit (or units) that utilize an 
external energy source (or sources) to generate the propulsive power required 
to propel a vehicle (excludes auxiliaries and accessories). 

Energy buffer . — A device that stores energy temporarily and supplies some 
or dll of the stored energy In a controlled way on demand. The form of the Input 
or output energy may be chemical, electrical, mechanical, etc. 

Drive train . — An aggregation of components that transmit power from the 
vehicle power plant to the drive axle (I.e., transmission, differential, clutch 
system, torque converter, gearing, etc.) 

Carriage . — The complete "curb" configuration of a vehicle less the 
propulsion system and any electromechanical storage batteries. 

Life-cycle cost . — The cost per km of production hardware over its operating 
life. Included in life-cycle cost are acquisition cost, operating cost, scrap 
or salvage value discounted to reflect the time value of money. 

Eng I neer I ng deve lopment .— The effort that normally follows applied research 
and is directed toward the application of established technical knowledge, 
using engineering principles and practices, for the purpose of evolving, via 
an iterative process of design, fabrication, and test evaluation, a new product, 
system, or process. 
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TASK I ANALYTICAL METHODOLOGY 




This section of the report contains a discussion of the five propulsion 
system concepts, Task i scope, information on the initial sizing of the vehicle/ 
propulsion systems, a description of the digital computer program for the pro- 
pulsion concepts with their associated mlssion/vehlcles, hardware performance 
maps, and cost analysis procedures. 


Discussion of Propulsion System Concepts 

The vehicle/propu Islon system concept combinations are sho'<n in figs. 1 
through 5. The propulsion concepts were agreed upon during a series 
of NASA/A IResearch technical meetings. Essentially, there are 5 mission/ 
vehicles and 5 propulsion system concepts, which have been combined to form 
the 15-element Task I study matrix, as was shown in figs. 1 through 5. 

The five vehicle typos are representative of current vehicles with the 
possible exception of the commuter car. The type of propulsion components that 
were used to perform the Task I parametric studies are shown in table 7. The 
vehicle/propu Islon concepts all use nickel -Zinc batteries as the baseline, the 
spark Ignition (SI) gasoline engine (water cooled, naturally aspirated (NA) with 
smog controls), and an advanced electronically commutated high-speed motor. 


TABLE 7.— TASK 1 PROPULSION COMPONENTS 


Component type 

Baseline for configurations 
studied In task 1 

Components character 1 zed 
in task 1 

Heat engine 

Spark- ignition, water- 
cooled, naturally- 
aspirated, gasoline 

(1) Diesel, naturally 
aspirated 

(2) Turbine 

Electric 
traction 
mach ine 

Dc, electronically 
commutated 


Battery 

Nickel -zinc, 80 W-hr/kg, 
150 W/kg 

ISOA lead-acid, 

40 W-hr/kg, 100 W/kg 

Energy buffer 

Flywheel mechanical energy 
storage (MES) 

(1) Steel flywheel 

(2) Composite flywheel 

1 

Electric control 

Variable frequency inverter 


Transmission 

(1) Electric and discrete ratio 

(2) Concepts 1.2 and 2.3 use 
mechanical continuously 
variable transmission (CVT) 

Regenerative con- 
tinuously variable 
transmission (CVT) 
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Task I Scope and Format of the Results 

A summary of the Task I scope Is shown In fig. II along with the format 
of the results. There are 12 veh Id e/propuls Ion system configurations that 
are included in the evaluation scope. Each configuration was evaluated using 
three lead-acid battery weights and three nickel-zinc battery weights. In all 
cases a structural growth factor of 1.3 was employed when a new vehicle curb 
weight was being determined for each battery pack weight. The results are 
determined for presentation, as shown In fig. II. For each variation In 
battery type and weight, calculations were made of the prime electric range, 
driving cycle petroleum usage, annual petroleum usage, propulsion system 
acquisition cost, and life-cycle cost. 

Three heat englne/f lywheel , vehicle/propulsion system configurations (2.3C, 
2. 3D, and 2.3E) were not evaluated In the same manner as the other 12 config- 
urations, because their wall-plug energy Is stored in a flywheel instead of 
a battery pack. For each of these configurations, the electric range was deter- 
mined as a function of flywheel capacity. 


Task I Parametric Study Modeling Procedures 

The modeling procedures that were used to guide the preparation of the 
digital computer evaluation program are basically a set of energy and power 
management constraints for each type of vehicle configuration. AIResearch 
experience indicates that the limitations placed on the Task I parametric 
results due to the specified energy and power management procedures do not 
effect the relative ranking to such an extent as to cause any reversal In the 
standings. 

One set of procedures applies to those configurations in which both a bat- 
tery pack and a heat engine are used as energy sources (concepts l.I and 1.2). 
The procedures are as follows: 

(1) Minimum battery is sized to run driving cycle unaided (constant power 
acce I erat ion). 

(2) Heat engine is sized to perform the steady-state hill climb. 

(3) Battery and heat engine operating together must meet 0- to 90-km/hr 
acceleration goal. Heat engine size is increased until goal is met 
(constant power acceleration). 

(4) Battery Is used to 80 percent depth of discharge (DOD). 

(5) Battery is load- 1 eve led by heat engine to 80 percent DOD. At 80 
percent DOD battery is used only to aid heat engine during high power 
demand periods. 

(6) Regeneration is into the battery during braking (not to exceed machin- 
ery limit). 

(7) Heat engine is off when not needed. 
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(t) Accoisory loads arc supplied by the battery until 80 percent IXiit; 
tlion heat online Is used. 

A sopar dte set of procedures is used for those configurations Mhero the 
l>uttery is the prlfic energy source, aided by both a flywheel cnt'rgy buffer anc 
the heat engine (concepts 2> I and ?.2)> The following procedures cover two 
situations, defined case A and case B. Procedures (I) througn (7) apply to 
both cases; procedure (8) is unique to case C. 

Case A,— Minimum battory is sized to run driving cycle unaided (constant 
power acceleration). 

Case D.— Pin imudi battory !s sized to rur^ driving cycle aided by flywheel 
(bO/% power split; constant power acceleration). 

For both case A and case B: 

(1) Heat engine is sized to perform steody-stat** hill cllr.ib. 

(/) Battery and flywheel operating together must meet 0- to 90-kr7hr accel- 
eration goal (constant power deceleration). 

(3) Heat engine and flywheel operating together must meet 0- to OC-Km/hr 
acceleration goal. 

(4) Battery is used to 80 percent depth of discharge (UOD). 

(i») l<egonerat ion is into flywheel during LraHng until it is 100 percent 
charged. 

All excess energy is regenerated into battery (not to excetJd machinery 
capac i ty ) . 

(0) Heat engine is off when not needed. 

(7) Accessory loads are supplied by battery until bC percent U0L-; then 
heat engine is used. 

For case D only: 

(G) battery is load-leveled by flywheel to 80 perceiit DOD. At 80 percent 
UOb heat engine and flywheel supply energy (bO/50 power split; constant 
power acceleration). 

A final set of procedures is used for those configurations that use a hoot 
engine and a flywheel without a battery (concept 2.3): 

(1) Flywheel supplies all energy until it is 75 percent discharged. Heat 
engine is turned on to complete remainder of mission. 

(2) Flywheel is fully charged only from wall plug. 


(3) When heat onyino Is used, flywheel Is used as a buffer. 

(4) Energy Is recovered during braking by regeneration Into the flywtu>el. 


Kevlev/ of Propulsion System Concepts 

For each of the five propulsion system concepts that wore evaluated 
in Task I (shown In figs. 1 through 5), the prime emphasis was placed on 
arriving at a relative ranking of the vehlcle/propulslon system combinations 
to select the most promising concept. The principal features of these concepts 
are reviewed In the following paragraphs. The final ranking was based on potro- 
leum onorgy saved vs the cost savings to the consumer. The consumer costs are 
determined as propulsion system Initial acquisition costs (Including batteries) 
and propulsion system life-cycle costs for a 10-yoar, 160 000-km life. 

A secondary emphasis was placed on parametric Investigation of the sensi- 
tivity of each vehicle propulsion system configuration to variations in on-board 
energy storage capacity and storage method. This Information provides a data 
base that can bo used to judge similar propulsion arrangements as a function of 
mission/vohicle designation. 

Concept 1.1 . —This concept, shown In fig. 1, Is an unbuffered configura- 
tion and represents the simplest hybrid configuration that is feasible. Both 
the heat engine and the electrical system are sized as described In the prece- 
ding section and then evaluated over the modified SAE J227a, D cycle (fig. 6). 

In the electrical mode and heat engine mode, the braking energy is regenerated 
back into the battery. 

The generic advantages of this concept are: 

(1) Simplicity 

(2) Low technical risk (minimal development) 

(3) Low weight (except for battery pack) 

(4) Low cost 

Concept 1.2 .— This concept is an unbuffered approach (fig. 2), This con- 
figuration is advantageous because it represents a hybrid derivative of a pure 
electric propulsion systemj l.e., a relatively simple and low-cost gasoline- 
driven generator is added to achieve longer ranges. Since the gasol ine engine 
must drive through an electrical transmission, however, fuel economy is not 
good. To improve the heat engine mode economy, the gasoline engine is operated 
on its maximum (lean mixture) torque line, and the speed is varied to change the 
ava i I abl e power . 

The major advantage of this concept is that it would be relatively easy to 
provide a small vehicle such as a commuter car with any of the following three 
drive syrtem options: 
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(1) standard battery pack without a heat engine, which stakes the vehicle 
a low-cost, low-weight conmuter 

(2) Large battery pack without a heat engine, which provides a simple 
vehicle, but with a greater range 

(3) Battery pack plus a heat-engine-dr I ven generator, which would allow 
extended cruising when needed 

The concept was selected as a means to evaluate the Impact of the ceramic 
gas turbine on the fuel economy. In this configuration the gas turbine (and 
generator) are operated at constant speed to obtain the best efficiency from 
the gas turbine. 

Concept 2.1 .— In this concept (fig. 3) the flywheel acts as a buffer for 
both the electrical and heat engine modes. The heat engine mode Is efficient 
since the speed can be low and, hence, the frictional losses minimal. The elec- 
trical mode Is also efficient, but the flywheel buffering mode Is only of medium 
efficiency because of the electrical transmission Into and out of the flywheel; 
however, the electrical transmission efficiency can be compensated for because 
of its flexibility; I.e. , It allows the heat engine and traction machine speeds 
to be decoupled from the flywheel -ipeed. 

In principle, this concept is fine, but the practical limitations, I.e., 
cost and efficiency of the electrical flywheel transmission, limit this concept 
to special purpose uses. 

Minimal technical risk and development costs are the attractions of this 
concept. 

Concept 2.2 >— This concept (fig. 4) is essentially a mechanical version 
of concept 2.1 that uses a continuously variable transmission (CVT) for both the 
electrical and heat engine modes. The high-speed electrical motor and the fly- 
wheel are directly coupled through a fixed-ratio gearset. In the heat engine 
mode, all three Items (flywheel, electric motor, and heat engine) are mechani- 
cally geared together. The flywheel energy level, therefore, sets the speed of 
both the electric-drive motor and the heat engine. 

When the availability of a successful and reliable CVT Is assumed, this 
concept looks very attractive, with the following major advantages; 

(1) High drive line efficiencies 

(2) Low weight 

(3) Low cost 

(4) Simple system 

(5) Efficient flywheel drive 
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The major limitation of this system Is that the flywheel speed sets the 
Speeds of the heat engine and electric traction machine, and this Implies that 
the two propulsion elements may be required to operate In nonoptimum perform- 
ance regions during the driving cycle. The coupling of the flywheel, engine, 
and drive motor speeds also results In larger power ratings for the propulsion 
elements In comparison with concept 2.1. 

Concept 2.3 .— This concept (fig. 5) substitutes a flywheel energy storage 
unit for the hlckel-zlnc battery pack. The flywheel essentially operates In two 
modes: 


e Mode 1— flywheel energy source 
e Mode 2— flywheel buffer 

The flywheel Is charged by driving the electric motor from external utility 
system power. This motor Is sized as a function of the charging time require- 
ment. Initially the heat engine is not operating, so the clutch Is disengaged. 
The vehicle then operates on the flywheel until It is down to half-speed (18 000 
rpm). This condition represents a 75 percent DOD. When the flywheel Is depleted 
to Its half-speed point, the engine Is started, and the clutch Is engaged. The 
heat engine Is geared directly to the flywheel, and therefore its operating 
speed range is limited. The heat engine mode Is the same as that of concept 
2.2, which thus produces similar fuel con umptlon figures. This type of concept 
shows a major benefit If rapid recharging stations can be conveniently located 
along a known route every three to five miles. This requirement Imposes a 
restricted route structure on the vehicles. 


Analytical Modeling 

An analytical model of each propulsion system concept was derived and 
programmed for the digital computer. The basic cuations for the rectilinear 
motion of a rigid body were combined with Newton’s second law of motion to 
establish the basic link between the velocity of the vehicle, as specified by 
the driving cycle, and the net driving force at the wheels. Analytical descrip- 
tions (performance maps) for each major propulsion system component (such as 
heat engine, battery, and transmission) were Incorporated In the programs to 
determine the response of power train elements to the varying power demands 
associated with vehicle operation on the specified driving cycle-, 

Computer simulation descriptions , — General schematic flow charts for the 
five propulsion concepts are shown in figs, 12 through 19, The arrows Indicate 
the direction and sequence of the data flow. Labeled arrows Indicate particular 
data that Is being transferred. The program begins with calculation of the 
first two velocities of the driving cycle, from which acceleration and average 
velocity are found. From these results the total force is obtained. From the 
tiro and aerodynamic models, the torque required to overcome the road losses 
and provide the demanded acceleration is calculated and transmitted through the 
drive train components. The resulting speed and torque at the heat engine and/ 
or the power demand at the battery terminals define the electrical energy usage 
and fuel flow at any particular time. These values, assumed constant over each 


















Figure 13.— -Methodology flov/ chart for concept l.'<^ 
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Figure l4.-- Motnoclology flow chart for coneupt 2.1 
onjlno niutlo. 
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Figure 15.--Methodology flow cluirt tor concept 2.1, 
electric mode. 
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Vehicle speed, kr?/hf 


0.i^“£» ca leu lot ion intorval, arc arithmotlcal ly sumnod to obtain tho wall-pluy 
otioryy and potroloim ubayo ovor the driviny cycle. 

The battery doplotion I ner orient, or delta (^) IX»U, Is canputed for each 
aampla Interval. The LOU'b are arithmetically summed to determine the (iorcent 
of chanyo in state of charyo of ttie batteries at tho completion of tho driviny 
cycie. Tho electrical range (battery » 80 percent DOD) is then computed from 
the distance traveled per cycle and percent change in DCD p<V" cycle. 

f.ach driviny cycle profile that was used established velocity vs time in 
(j.b-s intervals, as required for 1he program Input. The procedure that was 
used was to set tho incrumentcil accelerations so that the required propulsion 
system power was nearly constant. Fig. 20 depicts tho velocity-time profile 
of a typical test cycle. The shaded areas are drawn to indicate that only tho 
end points of each portion of tho cycle are specified. Therefore, tho shape of 
the acceleration portion of tiic curve can be deliberately varied by controlling 
tho pov/cr applied. Tho spued at tlio end of tho coast period depends on tho 
vehicle drag and loss character istics. Tlie characteristics of the braking 
effort can also bo varied; one such way is to vary the rate of royoneration to 
the battery or flywheel. 



Figure 20. — Typical driving cyclo format. 
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Previous studios (rofs. 1 and 2) have shown that vehicle rang© Is doflnltoly 
offuctud by the acco I oration profile adopted In the driving eye'e. If acceltru- 
tion Is accor.tpl Ishod at approximately constant power, the total range Is five 
to ton percent greater than If acceleration Is simply constant. Absolutely 
constant power, however, requires very high acceleration at low speed (fig. 21) 
which May be beyond the capability of the propulsion system, or beyond the ability 
of the tires to ovoid slipping. Therefore, the acceleration schedule used for 
tho driving cycle was nearly constant power, but lower at the beginning to stay 
within tho capability of tho system. The acceleration schedule used for tho 
sTC is prosontod In table b. 

Prol Iminary machinery sizing (power and operating speeds), propulsion sys- 
toM weights (Including battery pack sizes), and vehicle test weights had to bo 
calculated initially to provide the computer programs with the basic Input infe.r- 
nation. The nacfilnory power ratings, such as tho heat engine, were approxlnatoly 
dotormlned so that the applicable maps (i.e., performance characteristics ropro- 
sontations) could bo inserted Into tho programs. Tho reason for having more than 
one porforr.iancc- map for a given piece of machinery Is that. In general, parame- 
tric scaling of physical systens should bo limited to rather narrow bands about 
known character Istics, For example, tho spark- ign It Ion (SI) heat engine is 
described with four maps, designated A, B, C, and D. Map A describes a 37-kW 



Elapsed time, s S-46103 

Figure 21. — Velocity schedules for typical driving cycle. 
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TABLE 8. —ACCELERATION SCHEDULE FOR STANDARD TEST CYCLE 


Time, 

s 

Velocity, 

km/hr 

0 

0 

1 

11.6 

2 

21.1 

3 

28.5 

4 

35.9 

5 

40.8 

6 

45.3 

7 

49.4 

8 

53.3 

9 

56.8 

iO 

60.3 

II 

63.5 

12 

66.6 

13 

69.6 

14 

72.4 


SI ongino. The map was used when an engine of between 30-kW and 48-kW was 
required. If the propulsion system under parametric investigation required an 
engine size of greater than 46-kW, Map B was substituted for Map A in the com- 
puter program. Map B describes a 56-kW SI engine with a range of validity of 
48 to 67 hp. These performance maps are described In a later section. 

Battery simulation description . — Both the nickel-zinc and ISOA lead-acid 
batteries were used in the Task I parametric evaluation. A form of the frac- 
tional utilization method was used to calculate the energy usage per cycle and 
the DOD per cycle for both batteries. 

Battery model: The principal measure of battery performance is derived 

from the specific power vs specific energy curve shown in fig. 7. Curves of 
this type are obtained by measuring the actual power/energy characteristics 
of a tost cell. The cell is discharged from a 100 percent charge to complete 




discharge at a constant power levei. Measurement of the total energy expended 
(power X time) yields one point on the power vs energy chart. A locus of data 
points taken at various power levels yields the curves shown In fig. 7. Because 
these curves measure battery discharge characteristics, a model using these 
curves directly is accurate only for predicting discharge performance. A special 
Interpretation Is required to use the conventional power vs energy curve for 
charging performance that occurs when regenerative braking energy is put into 
the battery. 

In general, the battery was viewed as being made up of two elements (a 
resistance and a capacity container) as depicted In fig. 22. The resistance 
has a value in ohms, and the container capacity has a value in W-hr. The reason 
for modeling the battery as shown is to be able to differentiate between the 
effectiveness of the batteries during discharging (removing energy) and charging 
(supplying energy). 


r 


Container 


n 





external 

terminals 


'BATT 


legend 

V no-load voltage 
P 

^Batt terminal voltage 
R « Internal resistance 
C * battery container 
I current 


Figure 22.— Battery model. 


The important point in comparing charging and discharging characteristics 
is that the resistance will always represent a loss of energy no matter which 
way current flows. Suppose the battery is being discharged so that 10 kW Is 
available at the external battery terminals. The battery container must be 
discharging energy at a higher rate than 10 kW in order to overcome the Internal 
resistance losses. Mow suppose the battery is being charged from an external 
source at a rate of 10 kW. The battery container will not get the full 10 kW, 
but some lower value because of the internal resistance losses. 

For example, during battery discharge the power available to do useful work 
(at the terminals), as seen ir fig. 20, is V 0 ljj, where Vg Is external terminal 
voltage and l(j is discharge current: 

Ve'd Vpid - Id R 
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The battery power/energy eharactorlstlc (fig* 7) may be entered directly with 
the value of Vgl jj/battery weight (specific power) to determine the total amount 

2 

of energy available* The term (Vpljj - l^jR) Is Implicit In the use of the per** 
formanCB character Istic. The actual power supplied by the container (during 
discharge) Iss 


Vp*d “ Vgld + 



which Is greater, by the value of IjjR, than what Is measured by an external 
observer. 

During battery charging the power available (at the external terminals) 
to the battery is Vgl^. The question Is: "How fast Is the battery capacity 
replenished or charged as a function of power applied at the external terminals 
and how may the relationship between power and energy be characterized?" 

The following reasoning Is presented (see fig. 22). In the case where 
the battery is discharged at a rate that is defined by an external terminal 
voltage of Vgj and a current of 1 4 , then the voltage is found as: 


V(3d « Vp - IdR 


and the discharge power Is: 


Vgd * d " 7pl d “ I d^ 

Now consider the case where the battery Is charged at a rate that Is 
defined by an external terminal voltage of Vgc ^nd a current of l^* for which 
the voltage is found as: 


Vbc = Vp + IcR 


and the charge power is: 


VBc^c“Vplc+lcR 

For the battery container to be affected in the same manner for both charge 
and discharge Implies that the currents must be equal, l.e., 




'd = Ic 


If tho cur rents are equal and the no-load voltage during the sample Interval 
is constant, then tho difference batwoon the charge and discharge external ter- 
minal voltages Is; 


%c “ %d * 


Tiicn tho oquivalont pov/or relationship Is; 

Vbc'c • Vb,.1c t 2IcR 


•Afioro: 

Vgclc ® oquivalont charge power at terminals 

'^bu*c * discharyf powor that Is related to above charge power 


t. 

2lfjR » uqui valency factor between charge and dlschargo modes 

it Is, therefore, postulated that, "The measured power/enorgy density char- 
acteristic of tho battery r.iust be rointorprotod to bo used to dotormino the 
amount of energy actually recovered by tho battery as a function of charging 
powor applied at tho external terminals." The effect of this rclntorprotation 
is shown In figs. 23 and 24 for the nickol-zinc and the lead-acid batteries, 
respectively. 

The difference between the battery charging and discharging characteristics 
are only significant at high specific powers and are due to the Internal rosis- 
tance of tho battery. The charging curve Is analytically derived by shifting 
the discharge characteristic by the value of 2|2 r. The postulated charging por- 
forriance curve Implies that at any given fixed power level and battery weight for 
which the specific power at the terminals is constant, more energy is required to 
charge tho battery than was available during discharge. 

Tho effect of neglecting tho Internal roslstanco of tho battery is only 
apparent when the battery is used in an application where It receives energy by 
regeneration and Is heavily buffered (during peak powor periods) by a power source 
that has a soparato energy suppl y, i.e., a heat engine that uses petroleum. As 
the electrical energy used (discharge) approaches the electrical energy received 
(charge by regeneration), the predicted vehicle electrical range becomes mathe- 
matically indeterm I na1o. 
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Specific energy, W-hr/kg 

Fiquro 23. — Power and energy characteristics of the nickel •zinc battery 
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Figure 24. --Power and energy characteristics of the lead-acid battery. 




Battery characteristics; Four characteristics were used to describe both 
the nickel -zinc and lead-acid batteries In the propulsion system simulation 
wa’k that was done In this study* The characteristics are; 

(1) Power density vs energy density discharge performance (figs. 23 
and 24) 

I 

(2) No-load coll voltage vs depth of discharge (figs. 25 and 26) 

(3) Internal resistance vs battery pack weight (figs. 27 end 28) 

(4) Battery cycle life vs depth of discharge (fig. 29) 

The power density vs energy density discharge characteristics for both the 
ISOA lead-acid and nickel -zinc batteries that are shown In figs. 23 and 24 were 
supplied by NASA as part of the contract. These characteristics wore the primary 
ones used In the battery performance prediction procedures that are discussed 
In the next section. 

The no-load terminal voltage vs depth-of-dlscharge characteristics for the 
two batteries that are shown In figs. 25 and 26 were obtained from the following 
sources; 

(1) Lead-acid characteristics were developed by AlResearch from Information 
on an existing ISOA battery, specifically, the high-energy density 
Eagle-PIcher EP200AH (ref. 3). 

(2) Nickel -zinc characteristics were extracted from a Yardney design and 
cost study report (ref. 4). 

The Internal resistance characteristics presented In fig. 27 were developed 
by AlResearch based on packaging technology and SOA power density. Basic bat- 
tery pack definitions were previously shown In table 3. The baseline internal 
resistance for each battery pack (lead-acid and nickel-zinc) was predicted 
using the data In the table and the fact that the maximum power transfer from 
the battery to a load, Pmax» occurs when the battery's Internal resistance 
equals the load resistance. Thus; 

f’max “ Vp/4R 


For this study the battery pack voltage was held constant at the values 
shown in table 9. It was decided to maintain the voltage of the battery pack 
constant for all systems to provide a standard of comparison and to scale total 
energy capacity In proportion to total weight. It was assumed that a battery 
could be constructed with the exact proportion of energy capacity and weight 
needed for each particular application. Therefore, as battery pack weight was 
varied during the parametric investigations, the internal resistance was changed 
as fol lows: 

R = j.?, Jy.t. !■ (Total Internal resistance) 

New batt. wt. 
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1 Figure — Internal resistance characteristics of lead-acid battery, 
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The battery cycle life vs depth of discharge is shown in fig. 29. This 
relationship and baseline cycle life for each battery type was supplied by NAGA 
i!. fiart of the contract. The information was used to calculate the battery life- 
cycle cost by determining the number of battery pack replacements in a 10-year 
period as a function of how the battery is used. 


TABLE 9.— BASELINE BATTERY PACK DEFINITIONS 


Battery 

tyi'v 

Battery 
pack 
VO 1 tage 

Weight based 
on SO A pack- 
aging techniques 

SOA power 
density 

1 nternal 

resistance, ohms 
Tota 1 Per ce 1 1 

Var 1 at ion 
with battery 
pack weight 

i.Gt^d ““ 

168 

V 

735 kg based on 
SOA Eagle-Picher 

100 w/kg 

0.074 

■ 

0.00093 

Rot 

_J 

dr i .1 

\ 

i 



EP200AH 

for 

80 

cells 


Battery weight 

iti ckol - 

160 

V 

386 kg based 
on Yardney 

150 w/kg 

0. 104 

0.00104 

Ra 

1 

ziric 



design, report 
2033-76, dated 
10-76 

for 

100 

cells 


Battery weigtit 













Cattery weight, kg sniM 

Figure 28.— Internal resistance characteristic of nickel-zinc battery. 


Battery computer methodology; The calculation procedure used to predict 
the performance of both the nickel -zinc and the load-acid batteries is summar- 
ized in fig. 30. Shown in the figure are the computer flow chart and the 
equations that were used to predict the bottom-1 ine-performance, i.e., electri- 
cal range of vehicle. The calculation prodedure begins with the power required 
at the battery terminals (Pincon). Using the relationship shown as equation 2, 
the battery current is calculated. The nickel -zinc battery no-load voltage is 
set at 155 V and is not varied as a functiun of depth-of-d Ischarge (DOD). This 
procedure is valid because the no-load voltage remains relatively constant up 
to 80 percent BCD (see fig. 26). For the lead-acid battery, the drop in no-load 
voltage with DOD (see fig. 26) is approximated by using two values, i.e., 160 V 
for the DOD region defined by 0 percent < DOD < 60 percent and 148 V for the 
region 60 percent < DOD < 80 percent. 

The specific power is calculated and used to determine the battery specific 
energy during the sample interval. If the battery is being discharged, specific 
energy is read from the discharge curve in figs. 23 or 24. If the battery is 
being charged, however, such as occurs during regeneration, specific energy is 
read from the charge curve in figs. 23 or 24. 

The incremented DOD, for the sample interval, is calculated by dividing the 
specific power by the specific energy and multiplying by the sample time inter- 
val. An accumulated DOD value is calculated for the total driving cycle, which 
is the sample interval discharge incremental DOD minus the sum of each sample 
interval charge incremental DOD. The 80 percent DOB range is then predicted. 

In the case of the lead-acid battery, an accumulated DOD Is calculated using 
a terminal voltage of 160 V, and a second accumulated DOD is calculated using 
a voltage of 148 V. The vehicle range is predicted as shown in fig. 30. 
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Battery performance calculation procedure comparison: There are many 

methods used for calculating how a battery responds to the varying load demands 
that are encountered In a vehicle application. The method used In this advanced 
hybrid propulsion system study Is based on the fractional utilization concept 
(ref. 5). The calculation procedure used In this study was compared with an 
averaging procedure being developed by NASA to determine how sensitive the 
prime electrical range of the propulsion system was to the battery performance 
prediction method used. The results of this comparison are shown In fig. 31 
for concept I. I for both a nickel-zinc and load-actd battery pack of 273 kg 
that Is used on a vehicle with a tost weight of 2157 kg. 

The propulsion system used power sharing between the battery and the heat 
engine during acceleration, used the battery only for cruise, and regenerated 
Into the battery during braking. The special test cycle (STC), shown In fig. 6, 
was used to predict prime electrical ranges. 

Prime electrical range (ordinate axis, fig. 31) Is defined as the distance 
the vehicle can travel prior to the battery reaching 80 percent depth of dis- 
charge. The percent of power from the battery (abscissa axis) represents the 
degree of power sharing between the battery and heat engine during the STC 
acceleration leg. Thus, as the percent of power from the battery decreases, the 
onglno power contribution Increases, which implies Increased use of petroleum 
energy over the driving cycle. The reason that battery power contr I but i on 
values greater than 72 percent are not shown In the figure is that neither of 
the 273-kg battery packs provide enough power to tranverse the STC without 
being aided by the heat engine. 

The following conclusions may be drawn from the data presented in fig. 31: 

(1) The lead-acid battery Is more sensitive than the nickel -zinc battery 
to the two calculation methods discussed. 

(2) The averaging calculation method predicts longer prime electrical 
ranges than does the method used in this study, as the percent of 
power from the battery increases, i.e., as the total power approaches 
pure electric power. 

(3) The more heavily the battery is buffered by the heat engine (decreasing 
percent of power from the battery), the closer the two prediction 
methods agree. 

(4) For a hybrid propulsion system, the two performance estimation methods 
(fractional utilization and averaging) converge in the range of power 
splits of interest (convergence zone identified in fig. 31. 

It is concluded, that for a hybrid propulsion system, the two methods 
discussed will predict essentially the same battery performance. 

The hybrid study battery estimation procedure was placed into the perfor- 
mance model that was used in the NASA/A 1 Research advanced electric propulsion 
system study (ref. 16). An unbuffered propulsion system configuration from the 
referenced study was evaluated using the battery model from the hybrid study, 
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Figure 31« — Battery performance calculation method comparison for a 
hybrid propulsion system. 
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as previously described. The SAE J227a schedule D driving cycle was used. 

The vehicle power was provided by a 679-kg lead-acid battery pack, and the 
‘vehicle test weight was 1668 kg. Regeneration during braking was Into the 
battery pack. 

A comparison was made between the hybrid study battery model used h. this 
study and the '‘Driving Cycle Dynamic Program" used In the previously referenced 
advanced electric propulsion system study (ref. 16). The advanced electric 
study reported an electric range of 164 km for an unbuffered electric vehicle. 
The hybrid study battery model was then used In the advanced electric computer 
program to predict the range of the same unbuffered electric vehicle. The 
hybrid battery model predicted a range of 188 km. Therefore, the two calcula- 
tion procedures correlate within 15 percent. 

The advanced electric propulsion system performance model, with Its own 
battery model Intact, was used to show how power demand on the battery affects 
the range of an unbuffered electric propulsion sytem. This was accomplished 
by modifying the J227a(D) driving cycle to use a higher acceleration from 0 to 
72 km/hr. Several rates were selected, of which the highest rate Is accelera- 
tion of 0 to 72 km/hr in 12.3 s. This highest rate Is representatl ve of rates 
used In the Federal Urban Driving Cycle. The results, presented In fig. 32, 
show that the basic system has a considerable sensitivity to acceleration, with 
a range decrease of over 50 percent at the highest acceleration rate. It also 
predicts that the nickel-zinc battery has less sensitivity to Increasing power 
demands than the lead-acid battery. 



0 2 k 6 8 10 12 lit 16 18 20 22 2l| 26 28 30 

Acceleration time, s S 46 io; 

Figure 32. — Range comparisons with driving cycle using 
varying acceleration rates 





In conclusion the battery performance prediction technique that Is used 
In the hybrid study correlates well with 

• The proposed NASA averaging method when used In a hybrid propulsion 
system performance model as long as the battery Is buffered 

• The AIResearch driving cycle dynamic program used In the advanced 
electric propulsion system study 

In addition, the hybrid battery model predicts that lead-acid and nlckel- 
zlnc batteries are sensitive to high power demand driving cycles. This conclusion 
agrees with the trends that are obtained when the advanced electric propulsion 
system battery model Is used. 


Hardware Performance Maps 

Hardware component performance maps were prepared for Insertion Into the 
digital computer programs that were developed for each propulsion system concept. 
These maps were based on available information for existing components or for 
components proposed for near term (1983) development. In most cases some 
extrapolation of existing data was required to meet the desired power and 
speed characteristics. 

Heat engines .— Three types of heat engines were characterized and used in 
the study. The baseline engine was a conventional spark- Ignition type. The 
other two types were a modern high-speed diesel and a single-shaft advanced gas 
turbine that used ceramic technology. 

Spark- Ign it ion engine performance: Three engine sizes were characterized. 

The basic data were for a 56- kW Internal combustion engine that was obtained 
from ref. 6. The basic engine map was scaled using the following factors to 
obtain the other maps: 

(1) 37-kW size, using 4.3 percent brake specific fuel consumption (BSFC) 
pena I ty 

(2) 75-kW size, using 5.0 percent BSFC improvement 

(3) 112-kW size or greater, using 10.0 percent BSFC Improvement 

The resulting engine maps are shown In figs. 33 through 35. 

Diesel engine performance: Three diesel engine sizes wore characterized. 

The basic data were for a 40- kW modern high-speed engine that Is currently 
used in passenger auromobi les. The data were obtained from ref. 7. The basic 
engine map was scaled using the following factors to obtain +ho <'+hor mops: 

(1) 56-kW size, using 2.5 percent BSFC Improvement 
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Figure 35.— Map of 112 kW engine. 


(2) 75-kW size, using 5.0 percent BSFC improvement 

(3) 112-kW or greater using 10.0 percent BSFC improvement 

The resulting engine maps are shown In figs. 36 through 38. 

Turbine engine performance: Two turbine engine sizes were characterized. 

The engine data were obtained directly from ref. 8. The engine maps are shown 
in figs. 39 and 40. The engine has been postulated to be available for demon- 
stration by 1983. 

Transmissions . — Three basic types of transmissions are considered in the 
various vohicle/propu I Sion system concepts; 

(1) Four-speed automatic, mechanical gear 

(2) Mechanical continuously variable speed ratio (toroidal drive) 

(3) Electric drive (generator, motor, and controls) 

The very low power required by the automobile at normal urban cruise speeds 
emphasizes the need for a highly efficient transmission. Efficiencies of a 
typical current automobile three-speed automatic gearbox and a typical forward 
and reverse gearbox are usually between 80 and 90 percent in the normal urban 
speed range (ref. 2). Such efficiencies can be improved by careful sizing of 
capacity and design of components. 
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Figure 40.— Map B Of l12-t<W turbine. 


Four-speed automatics Two of the Task I propulsion system concepts used 
a tour-speod automatic transmission of contemporary design. Tfo per forma*ice 
of the transmission was described in tenus of gear ratios, shift schedule, and 
efficiency. The shifting schedule shown below was devised to favor the heat 
engine and electrical machinery so as to maximl2o the vehicle/propulsion system 
efficiency when operated over the study driving cycle. 

Shift Schedule 


Vehicle velocity, km/h 


0 to 24 
24 to 48 
48 to 52 
72 to 105 


First 
Second 
Th I rd 
Fourth 


An actual transmission design would have to allow for some speed overlap 
In shifting up and shifting down, but hcse details do not significantly affect 
the digital simulation. The performance map used is showfi In fig. 41. It is 
representative of current passenger vehicle technolgy and was ob'^’alned from 
ref. 6. 
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Ficjuro 4 1 .--Goar box otficloncy. 


Traction tranbrr.isfcion: A traction tranbuission enploys son© typo of 

traction olor.Mjnt In which powur ib transmitted through smooth rolling elenonts 
loadod against each other. By varying tho position of the rolling elomonts, 
tho spooo ratio of tho input and output can be smoothly and continuously varied 
fror.i the minimum to the maximum value. 

Tho transmission of power betwoen smooth rolling surfaces roquiros a sub- 
stantial normal force, but contact loads must be low enough to ensure an adequate 
fatigue life. Powur transmission also is limited by the possibility of slip 
botwcon the rollers, since slip loads to rapid wear failure. Tho method used 
to Increase those limits involves the uso of modern traction lubricants, which 
provide high resistance to slip and high viscosity to reduce wear. These now 
lubricants have considerably extended tho power range of traction transmissions. 

The infornation on proven traction transmissions Is rather modest in power 
rating duo to previous limitations in traction capacity. Now that higher powers 
are available, it appears entirely reasonable that autofxjtivo traction transmis- 
sions car bo available by 1983. Tho porformanco map shown In fig. 42 was osti- 
matod for this study using the computer model that was developed by AiP.usearch 
as part of the NASA advanced traction transmission program. 

C i f f eront la I s and gearboxes . — Ail tho propulsion system configurations 
employ a differential to permit relative notion of the wheels during change in 
vehicle direction, and to permit a reduction in drive train shaft speed. In 
addition, there is a need for a fixod-ratio gearbox in all of the cenf igura+ior.s 
to supplement the basic speed reduction in tho differential and transmission. 
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FSgure 42.--Straight drive CVT efficiency. 
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In practice, &uch a gearbox could bo Incorporated In the design of the differ- 
ential or transmission, but to simplify the analysis procedure, It has been 
considered as a separate element. 

Differential j The design of differentials Is well advanced due to the many 
years of automobile applications; however, as recent studies have emphasized, 
the design criteria for typical automotive components are not completely suitable 
for electric and hybrid vehicle use (refs. 1 and 2). The use of hypold gears in 
differentials Is popular because It permits not only a 90-deg change in shaft 
direction, but an offset In the axis as well, so that the drive shaft can be low- 
ered below the axle level. This arrangement Is very desirable for a front engine 
drive to the roar wheels; however, for a close-coupled drive train mounted either 
In the front or the rear of a vehicle, a differential can be constructed using 
skew bevel gears or chain drives, which are more efficient than the typical hypold 
gearing. This Improved efficiency is partlculary important for vehicles that use 
power rogoneration, since hypold gearing Is very inefficient with reverse power 
flow (ref. 22). Also, improvements in lubrication techniques can eliminate the 
oil churning losses associated with the usual splash-type lubrication. 

The overall differential and axle efficiency used in this study is shown in 
fig. 43. This performance map is based on work done on gas turbine transmissions 
(ref. 22) and illustrates the effect of both power and speed on efficiency. Rated 
power and speed for the transmission are the maximum vehicle conditions, and it 
is apparent they should not bo overstated If maximum operating efficiency is to be 
obtained. Ttio values are considered representative of current good design prac- 
tice, and can probably bo improved with careful design for a specific application. 


Speed, 

percent 



Figure 43.— Combi ned rear differential and axle overall efficiency. 


64 



Gearbox; fixed-ratio gearboxes using straight spur or helical gear sets can 
be extremely efficent If proper care Is taken to minimize bearing and lubrication 
losses. Maximum efficiency also depends on the reduction ration, with 1 to 1 
being the best possible. The performance map (ref. 9) presented in fig. 41 has 
been used as representative of all the required gearboxes, through actual operating 
efficiency depends on the Individual power and speed ratings used In each case. 

Electric motors and control lers . — The traction motor must be considered In 
conjunction with a controller to achieve a particular performance character Istic. 
The motor also must be capable of functioning as a generator to achieve regener- 
ative braking. In general, the approach Is to use motors operating at a speed as 
high as possible to achieve the required power with minimum motor size and weight, 

In this study two types of motors were considered; 

(1) Permanent-magnet, axial-gap motor, which Is designated the baseline 
design 

(2) Dc, mechanically commutated shunt motor. 

The permanent-magnet motor was designated by NASA as the baseline machine 
for the study. It was used exclusively for the Task I and II study efforts. The 
dc shunt motor was Introduced Into the study for comparison with the baseline 
motor. A discussion of the results of this comparison, Including a description 
of the motor. Is included In the sensitivity study writeup that is part of the 
Task 1 ! section of this report. 

Permanent-magnet motor*— The permanenet-magnet (PM) electronically-commutated, 
dc motor is a lightweight, high efficiency motor of the required power with the 
following features; The following particular features of the design contribute 
to this performance: 

(1) Field losses are eliminated. 

(2) field cooling, which can be a problem in relatively small high-speed 
machines, is not required. 

(3) Slip rings are not required. 

(4) A var iable-vol tage field power supply Is not required. 

(5) The performance equivalent of field weakening can be achieved In the 
electronic commutator by varying the switching angle with respect 

to motor back emf. 

The disadvantage of the PM machine is the fixed field, which tends to cause 
undesirable losses at high speed. The losses can be minimized by using an 
axial-gap, ironless design. 

This PM dc motor produces a speed-torque curve that is linear as the speed 
is increased from stall to rated speed. The voltage applied must also vary 
linearly with velocity. For a traction motor application, it is desirable to 
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have a suitable transmission so that the motor speed can be maintained within 
the optimum range for all driving conditions. In addition, a variable-frequency. 
Inverter-type controller Is needed to tailor motor operation to the Imposed load. 

The estimated PM dc motor performance characteristics shown In fig. 44 
were derived based on the NASA advanced dc motor currently being developed by 
AlResearch. The machine scales In such a manner as to require only one perfor- 
mance characteristic to cover the power spectrum that was encountered In the 
Task I parametric study. 

Power control unit: The controller for the PM dc motor must have a 

variable-voltage, var iable-frequency capability. 

The controller can consist of six silicon-controlled rectifiers (SCR's) 
plus one series transistor operated in pulse-width modulation (PWM) mode or 
six transistors operated In both PWM and commutation to. The PWM Is neces- 
sary to condition the Input voltage down to the requlr^id volts per Hertz that 
constitutes adequate torque at the lowest current that is drawn. These con- 
trollers are now practical because of recent technological advances in: 

(1) Development of fast, hlgh-surge current thyristors that can be made 
Immune to high rates of di/dt and dv/dt. 

(2) Development of rapid signal processing and compact logic that pro- 
vides gates, time delays, counters, thresholds, memory, and combina- 
tions at rates sufficient to drive ac motors. The logic and Input/ 
output (I/O) signal capacity In one compact microprocessor or one 
large-scale- integrated (LSI) circuit can handle the ac motor/generator 
plus energy management logic. 

The controller losses for the performance simulation were modeled as follows: 
Controller loss = (Battery current) x (3 volts) + 0.035 (motor power) 

Flywheel energy storage device . — The energy storage device used on several 
of the configurations is a flywheel. Recent studies (ref. 10) indicate the 
advantages of flywheels over alternative devices, such as hydraulic or pneumatic 
systems, and flywheels are currently being used in various automotive applica- 
tions. Since the energy storage device is required only for maximum acceleration 
conditions and not for long grade situations, the required energy storage is not 
large. Based on work from previous studies (refs. 6 and 10), the baseline energy 
storage capacity of the flywheel (iOO percent speed) was selected as 333 W-hr. 

A useful index of the energy that can be stored in a flywheel is the specific 
energy, defined as: 

K i netic energy 

Specific energy = Weight 
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Figure 44. — PNi dc motor performance. 
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Thoro is a rolatioriship tjolwoon those terms and the flywheel <)oometry and 
material, expressed os follows: 




Kinetic energy - Kq (a/6 ) 



Weight 



- nondl mens Iona 1 shape factor 

Whore: 

0 

» allowable working stress 


6 

= weight density 


Por flywheels fabricated from isotropic materials such as steel, a variety 
of shapes is possible; some common forms are shown In fig# 45. To take the best 
advantage of filament composite materials having directional stress proportii.'S, 
specialized flywheel designs are required (ref. 11). Some promising design 
configurations are shown in fig. 46. The composite flywheels have a relatively 
low shape factor (K$); however, the high strength-to-weight ratio of composite 
materials more than compensates for their shape factor and provides a much 
higher specific energy and lower cost, as shown In fig. 47. There fore, the 
so looted flywheel configuration Is a composite type. 

The character Istlcs presented in fig. 47 do not represent specific designs, 
but are considered typical based on a number of units that have been built 
and operated (refs. 12 and 13). The relatively high containment weight for the 
steel flywheel Is necessary because of the worst-case failure mode where rola- 
tlvol/ largo pieces of material having appreciable energy must be contained. 

In contrast, the failure of a composite flywheel results in a mass of material 
in the form of fluff, which dissipates energy In internal friction. The cost 
numbers are based on material costs projected for 100,000 units. Costs include 
estimates of fabrication and assembly costs. 

The loss characteristic for a vehicular size flywheel Is shown In fig. 48 
(ref. 6). This chara'ter istic Is a composite of the four major losses associa- 
ted with flywheels: windage losses, bearing losses, dynamic seal losses, and 
lubrication and vacuum pumping losses. This loss character Istic used In the 
computer program was based on maximum full speed losses of 300 W for the 333 
W-hr flywheel. 
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Figure 45. — Flywheel geometry comparison. 
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Cost And Weight Analysis Procedures 

This section documents the weight and cost analysis performed to evaluate 
the Initial 15 voh Ic I e/propuls Ion system concepts as well as the final selected 
system. During the Task I parametric studios, the 15 vehlcle/propulslon syster.i 
concepts were parametrically examined by varying battery pack weight, battery 
typo (nlckel- 2 lnc and load acid), and heat engine typo. Two propulsion systems 
(concept 1.1 and 2.1) and one vehicle typo (family sedan) were selected for a 
more In detailed evaluation (Task II, Design Tradeoff Studios) based on cost and 
potential for petroleum savings. During the Task II effort, a reference propul- 
sion system was developed to proved baseline weight and cost Informal Ion that 
could be used to help rank and select the final hybrid system. This reference 
or conventional system Is comprised of a spark-lgnltlon heat engine, automatic 
transmission, and differential, all sized to provide the family sedan with 
the performance necessary to meet the study requirements. 

Weight analysis . — To evaluate and rank the five typos of hybrid propulsion 
systems shown In figs. I to 5, It was necessary to associate the sytems with 
specific vehicles to make performance estimalTons. NASA provided the weight 
estimation prodeduro to predict each vehicle tost weight for the five mission/ 
vehicle designations as a function of propulsion system weight. These weight 
relationships are displayed In tables 5 and 6 In the study ground rules section 
of the report. 

Each propulsion system weight was estimated using the Information contained 
In table 10. The source of the Information along with the parametric weight 
relationships Is also shown In the table. 

A weight growth factor of 1.50 was used to adjust each vehicle tost weight 
as a function of the propulsion system variations examined. Vehicle performance 
(l.e., acceleration, passing, and hi I l-cl Imbing) was always maintained. 

Cost analysis . — A life-cycle cost analysis was performed to aid in selecting 
the recommended hybrid propulsion system. The analysis consists of breaking down 
the lifetime vehicle costs into three cost categories: (1) research, dovGlopmenl , 

testing, and engineering; (2) acquisition; and (5) ownership or operating costs. 
Each category is then further defined by Its respective elements. 

A digital computer program was developed so that answer w could be generated 
quickly and results could be interpreted easily. The output of this program Is 
used to display cost categories for each propulsion system considered. 

In cost analysis performance the following premises were used: 

(1) All costs are based on 1976 figures. 

(2) Propulsion system lifetime is 10 years. 

(3) Propulsion system lifetime mileage Is 160 000 km. 

(4) Cost estimates assume a production rate of 100,000 vehiclo/propulsion 
systems per year. 
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TABLE. lO,— PROPULSION SYSTEM COMPONENT WEIGHTS 


Canponont 


Hyat eng i no 


Transmission 


Electric motor 


(1) Spark- 
Ignition 
(rof. 14) 


Rating, 

kw 


a) 56 

(b) 75 

(c) 112 


(2) DIosel, N.A. (a) 56 

(rofs. 7 and 15) (b) 75 

ic) 112 


(3) Turblno 
(rof. 8) 


( 1 ) 4-spood 
automatic 
(ref, 14) 

(2) Mechanical 
CVT 

(ref. 14) 


Electronical ly 
commutated, dc 
(rof. 16) 


(a) 56 

(b) 75 


S37 

539.6 


Weight relationship 
(WR), kg/kw 


Power control 
unit 

Sol Id -state 
Invertor 
(ref. 16) 

20 to 60 
>60 

18 to 55 
>46 

0.91 

0.76 

F 1 ywhoel , 
housing, and 
lube and vacuum 
system 

Compos i te 
(ref. 12) 

0.333 kW-hr 

22.7 

68 kg/kW-hr 

Drive system 

Front wheel 
drive 
(ref. 14) 

>40 

>26 

0.66 

Gearbox 

F 1 xed rat 1 o 
(ref. 6) 

>20 

>6 

0.30 


























(5) Recurring costs ar® averaged over the propulsion system lifetime. 

(6) Acquisition costs are suggested retail selling prices, which do not 
Include transportation, dealer preparation, or sales tax. 

(7) Propulsion system acquisition cost (purchase price) Is assumed to be 
the Installed price to the consumer. 

Research, development, testing, and engineering costs (RDTAE).' This cost 
category represents the manufacturer In-house development effort prior to com- 
mitting large capital Investments required for mass production. In total 
RDTiE cost estimation, the following elements have been defineds 

(1) Initial engineering 

(2) Development tooling 

(3) Development support 

(4) Manufacture of the R&D vehicles 

(5) Tost facilities 

(6) Tost operations 

(7) Contractor profit 

The general ca leu I at tonal algorithm for RDT&E costs Is: 

Total cost * (element hours) (composite rate) + (man-hour related costs) 

+ (profit), ($) 

RDT&E costs used In the present study are based on Initial AIRosaarch estimates. 
The impact on vehicle life-cycle costs Is minimal for the assumed 5-year amorti- 
zation period and the 100 000-veh Id e/year production rate. The RDT&E costs 
were estimated to be about $20.00 per propulsion system. This cost element 
Is Included for completeness. 

Acquisition cost: The propulsion System acquisition cost comprises all 

cost associated with the manufacturing, distr Ibutlon, and marketing of the 
system, as reflected in the sticker price. In estimating the manufacturing 
costs— namely labor, raw materials, and capital I zat ion —each propulsion system 
was reduced to its components and subsystems. 

The costs of the propulsion system components were obtained for existing 
components from ref. 14. The costs of new components were developed by AIResearch. 
Cost estimating relationships (CER’s) were based on these data. Table II shows 
the CER used. Its dimensional units, where It was obtained, and the total manu- 
facturing cost definition. 


ORIGINAL page £ 
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TABLE n.-COST ESTIMATING RELATIONSHIPS (CER's) 


Component 


Heat engine 



Power control 
unit 


Flywheel , 
housing, and 
lube and vacuum 
system 


Drive system 


Gearbox 


Battery 


Total manufacturing 
cost (Includes 
variable and fixed 
material and labor 
costs, engineering 
tool I ng costs, and 
qua I Ity control 
costs) 


CER reference 


(I) Spark- Ignition Reference 14 


Units 


(2) Diesel, N.A. 

(3) Turbine 


(1) Four-speed 
automat I c 

(2) Mechanical 
CVT 


Electronical ly 
commutated, dc 


Sol Id -state 
Inverter 


Compos I te 


Front wheel 
drive 


Fixed ratio 


(1) Lead-acid 

(2) Nlckle-zlnc 


Reference 14 
Reference 8 


Reference 14 


Reference 14 1.42 


Reference 16 15.95 


Reference 6 12.81 


Reference 16 13.2 


Reference 14 1.70 


Reference 6 


Contract 



Contract 


Reference 6 



Summa- 
tion 
of CER 
va I ues 
(see 
note, 
below) 



Note: r (CER)j X CWR) [ x (RATING)) 
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Th« tnarkop fadort, as daflnad In tablo 12, account tor all costs attrlb- 
butad to the distr Ibutlon and marketing of the propulsion system. Sample 
calculations that show what the markup factors Include are shown In table 12. 
The cost Item definitions In the table result In an overall manufactur Ing cost 
markup factor for the propulsion system of 1.9f>2. The battery Is assumed to 
be a purchased Item that Is marked up by '1.30 for both the Initial and replace* 
meet costs. 

In Test's I and II a curb weight and test weight for each baseline vehicle/ 
propulsion system concept under investigation was estimated, as well as the 
cost of each baseline propulsion system, fs the variables of Interest ©f the 
study wore parametrically changed, the weight and cost of each baseline pro- 
pulsion system and the weight of vehicle wore redefined. The now vehicle 
weights wore calculated using a structural growth factor of 1.30. It rogulrod 
an Iterative process to arrive at each new vehic I e/propus Ion system weight and 
cost definition. 

Ownership (operating) costs: This cost category was used to develop the 

operating and maintenance costs for the candidate propulsion systems. The 
operating cost model that was used was defined in terms of lO-yoar life-cycle 
cost. 


Cost definitions for each propulsion system component have been based on 
data from refs. 6, 16, 17, and 19, and the contract; on a history for similar 
components; and on duty-cycle environments. Table 13 lists the definitions 
used In this cost category. 

Total propulsion system life-cycle cost: The sum of R0T4F, acquisition, 

and ownership costs presented above is the total system lifotime cost, or life- 
cycle cost of the propulsion system. This total cost was calculated on a 
system lifetime basis and a per-kl lometer basis. The life-cycle costs for all 
the propulsion systems are presented In subsequent sections of this report. 
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TABLE 12 — PURCHASE PRICE OF PPOfT/UjlON SYSTEMS 
WITH BATTERY PACK (SAMPLE CALCULATION) 


Cost 1 tem 

Propulsion system concept X 

With 

load-acid 

battery 

With 

nicklo'^zitic 

battery 

Manufacturing cost of propulsion system 

755 

755 

Manufactur’ing overhead (22^) 

166 

166 

Cost of sales 

921 

921 

(General and administrative (25^) 

230 

230 

Cost of propulsion system 

1151 

1151 

Return on investment (10^) 

115 

115 

Wholesale price 

1266 

1266 

Doa 1 er markup ( 17^) 

215 

215 

Purchase price of propulsion system 

1481 

1481 

Battery cost 

1334 

2238 

Bcittory markup (30?) 

400 

672 

Battery purchase price 

1734 

2910 

Total purchase price 

3215 

4391 
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TABLE 13.— OWNERSHIP COST DEFINITIONS (10 YEAR PERIOD) 


Component 

Type 

Determination method 

Units 

Reference 

Heat engine 

(1) Spark- Ignition 

(2) Diesel, N.A. 

(3) Turbine 

732.20 + 10.83(kW) 
where kW « power rating 

$ 

17 

Transmission 

(1) Four -speed 
automatic 

(2) Mechanical 
CVT 

37.66 

where kg = unit weight 

$ 

17,19 

Electric motor 

Electronical ly 

commutated, 

dc 

No maintenance required 
over the life of the 
veh i c 1 e 

$ 

6 

Power control 
un It 

Sol Id-state 
Inverter 

36.83 /kg 

where kg = unit weight 

$ 

6 

Flywheel 

assembly 

Compos 1 te 

300 

$/kW-hr 

18 

Drive system 

Front wheel 
drive 

1 

No maintenance required 
over the life of the 
veh id e 

$ 

17 

Gearbox 

Fixed ratio 

14.40 \/ kg 

where kg = unit weight 

$ 

17 

Battery 
ma i ntenance 

(1) Lead-acid 

(2) Nickel -zinc 

320 

$ 

16 

Battery 

replacement 

(1) Lead-acid 

2 

$/kg 

1 Contract 

1 


(2) Nickel -zinc 

6 

'■/kg 

1 Contract 

Battery 
sa 1 vage 

( 1 ) Lead-acid 

1 

(2) Nickel -zinc 

10 percent of purchase 
price 

1 

1 

$ 

Contract 

Pet ro 1 eum* 

( 1 ) Gasol ine 

1 

0.40 

$/l iter 

Contract 


1 

(2) Diesel 

1 0.36 

$/! iter 

Contract 

Electr icity* 

Wal 1 -plug 

1 

i 0.06 

$/kW-hr 

Contract 


*1985 estimate 
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TASK I ANALYTICAL RESULTS 


A summary of the Initial or baseline data that defines each vehicle 
propulsion system concept Investigated In Task I Is shown In fig. 49. Para- 
metric Investigations around the baseline definition of each concept were 
performed by varying battery weight and observing the effects on the following 
parameters : 

• Prime electrical range 

• Heat engine fuel usage 

• Annual fuel usage 

• Acquisition cost (1976 $) 

• Life-cycle cost (1979 $) 

In addition, the importance of buffering the battery with another power source, 
Identified as a 50/50 power split (fig. 49), was examined and the results 
are presented below. The parametric propulsion systems were sized to conform 
to both the performance requirements of the study and the Task I ground rules. 

The spectrum of baseline vehicle/propulsion system concepts had vehicle 
test weights that varied between 1222 kg (concept 1.1 A) and 6088 kg (concept 
2. 2D). The baseline vehicle test weights varied between 3084 and 14 061 kg. 

The acquisition costs of the baseline propulsion systems varied between $2897 
(concept I.IA, lead-acid battery) to $14 927 (concept 2. ID, lead-acid battery). 


Task I Hybrid Propulsion System Parametric Results 

Typical results of the Task I parametric studies are shown In figs. 50 
and 51 (a complete set of the results is presented in Appendix A). The results 
in fig, 50 are for vehicle/propulsion concept 1.IB for both nickel-zinc and 
lead-acid batteries. The results are presented in terms of the five most 
important parameters as a function of battery type and weight. In the upper 
plot of fig. 50, the prime eiectric range (km) and heat engine mode fuel usage 
(km/ liter) are displayed for both nickel -zinc and lead-acid batteries. In 
Task I , the battery and the heat engine were sized in such a way that they 
were not required to be operated simultaneously for the special test cycle. 
Therefore, the prime electric range is defined as the distance the vehicle can 
travel solely on the battery prior to the battery reaching 80 percent depth of 
discharge (OOD). During the heat engine mode, the vehicle is propelled solely 
by the engine using petroleum energy. The electric range and fuel usage values 
were computed using the designated special test cycle. 



ure 49. — Task I initial (baseline) vehicle/propulsion SYSteri data. 
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Figure 50. — Typical Task 1 parametric resuits. 
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IVEHICLE/PROPULSION CONCEPT 2.2C) 
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Figure 51. — Typical Task I parametric results. 
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The upper plot of fig. 50 illustrates the following; 

(1) For a given battery weight, the nickel-zinc battery provides more 
range than the lead-acid battery. 

(2) The energy availability of the lead-acid battery Is more sensitive to 
the high power requirements of the special test cycle (acceleration 
from 0 to 72 km/hr In 14 s) than the nickel-zinc battery. 

(3) The difference between the fuel usage values for the two battery 
types shows the Impact of propulsion system weight on the fuel 
economy of the vehicles. 

(4) A family sedan (for local use) has an electric range of 50 km with 
275 kg of nickel-zinc batteries or 775 kg of ISOA lead-acid batteries 
when it Is configured with a parallel propulsion system (concept 1.1). 

In the middle plot of fig. 50 the annual fuel usage (liters) and propulsion 
system acquisition cost (1976 $) vs battery weight are displayed for both types 
of batteries. The annual fuel usage (petroleum) was computed using the annual 
dally range frequency table (see table 14). The' 16 000-km annual milage Is 
traversed by driving on the battery until it Is 80 percent discharged and then 
turning the heat engine on and using petroleum fuel to complete the remainder 
of the dally range requirement. 


TABLE 14.— DAILY RANGE FREQUENCY FOR ONE YEAR 


Dai 

km 

ly range, 
(mi) 

No. of days 
of the year 

Total 

km 

range, 
(ml ) 

0 

( 0.0) 

16 

0 

( 0) 

10 

( 6.2) 

130 

1300 

( 808) 

30 

( 18.6) 

85 

2550 

(1585) 

50 

( 31.1) 

57 

2850 

(1771) 

80 

( 49.7) 

54 

4320 

(2685) 

130 

( 80.8) 

12 

1560 

( 970) 

160 

( 99.4) 

7 

1 120 

( 696) 

500 

(311.0) 

3 

1500 

( 932) 

800 

(497.0) 

1 

800 

( 497) 

Totals 

365 

16000 

(9944) 


The middle plot of fig. 50 illustrates the following; 

(1) With nickel-zinc batteries the annual fuel usage reaches a minimum 
of 150 liters at a weight of 475 kg; however, the propulsion system 
acquisition cost is $6300. The fuel usage begins to increase for 
higher battery weights mainly because of the increased power required 
by a heavier vehicle, especially for the 90 km/hr cruise condition. 
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(2) It costs the consumer S1400 In Increased acquisition cost to save 
370 liters of petroleum per year by Increasing battery weight from 
313 to 500 kg. 

(3) With lead>acld batteries the minimum annual fuel usage of 600 liters 
occurs at a battery weight of 800 kg. The propulsion system acqulsl> 
tion cost Is J4800. 

(4) It costs the consumer J800 to save 225 liters of petroleuni per year 
using ISOA loaa-acid batteries, 

examination of the lower plot of fig. 50 reveals the following: 

(1) The propulsion system configured with nickel-/lnc batteries uses a 
minimum of 1500 liters of petroleum per 10-yr period and costs $15 500 
to own and operate. The use of lead-acid batteries Increases the fuel 
consumption to 6000 liters over a 10-yr period and decreases the cost 
of ownership to 13 500. 

(2) Use of nickel-zinc batteries saves fuel In comparison with the use of 
load-acid batteries, but the petroleum savings occur at an increase 
in acquistion and life-cycit cost to the consunor. 

Mg. 51 displays the effects of power sharing between a battery and a 
second energy source for a para I Icl -power -path propulsion systen: that uses 
mechanical energy storage (MLS), concept 2.2, and Is sized fo'" the intercity 
family sedan (vehicle C). In the example shown the second energy source is a 
flywheel MLS device. The 50/50 power split means that during the STC accelera- 
tion period 50 percent of the power is supplied by the battery and 50 percent 
by the flywheel. Tlie results presented are for the ISOA load-acid battery and 
are shown for no power split (no flywheel) and a fixed 50/50 power split. 

The following trends are Illustrated by the upper plot of fig. 51: 

(1) A 50-km electric range is provided by 650 kg of batter ies when puwe 
sharing (50/50 split) is used, while it takes 1500 kg to attain the 
same range without power sharing. 

(2) As the battery weight increases, the heat engine mode fuel usagr; 
(economy) decreases. This trend shows the effect of vehicle weight 
on fuel economy. 

(3) The magnitude of the difference between the 50/50-powcr-sp I i t and 
no-power-split heat engine fuel economy is an indication of improve- 
ments in fuel economy that are obtainable by load-leveling a spark- 
Ignitlon heat engine with a flywheel. 

(4) The large difference in electric range between the 50/50-power -sp I i t 
and no-power-sp 1 1 1 cases is due to the following effects: 

(a) Sensitivity of the energy available from the lead-acid battery 
to the power loading. Nickel-zinc batteries are not as sensi- 
tive to this effect as lead-acid batteries. 


B4 


(b) The reduction In the relative power contribution by the battery 
(specific power) as the battery weight was Increased because of 
the constant !50/50-power-spl It ground rule. 

Examination of the second graph of fig. 5) Indicates both a reduction In 
petroleum usage and a lower acquisition cost for a power sharing system In 
comparison with Its no-power~spl It equivalent. The lower graph of fig. 51 
reveals the same trends exist between the power sharing and no-power~spl It 
systems when their life-cycle costs are evaluated. 

All the parametric veh Id e/propuls Ion systems were examined to determine 
the battery weight that results In the minimum life-cycle cost for each vehicle/ 
propulsion concept. The performance and cost data for each of these minimum 
cost configurations are presented In figs. 52 to 54. 

In all cases the nickel -zinc battery (In comparison with the ISOA lead- 
acld battery) provides the best performance (electric range and engine mode 
fuel economy) and requires the smallest battery weight. The concepts that use 
lead-acid batteries, however, are less cost I y to purchase and operate for 10 
yr. This longer operating life Is due to the relatively poor cycle life and 
high acquisition cost of the nickel-zinc battery. 


Task I Flywheel MES/Heat Engine Parametric Results 

In addition to the pure hybrid propulsion systems that use a storage 
battery and heat engine, a flywheel MES/heat engine propulsion system was 
evaluated In mission vehicles C, D, and E. The results of this parametric 
Investigation are shown In fig. 55. 

The design limit line in the figure represents a boundary of feasibility. 

For example, a flywheel with an energy storage capability larger than 3 kW-hr 
becomes Impractical for an intercity sedan (vehicle C); I.e., the volume required 
for a larger flywheel would infringe on the existing passenger and/or luggage 
compartments of the vehicle; and therefore it could no longer be considered the 
same class of vehicle. The practical limit for vehicle D is estimated to be 
5 kW-hr and vehicle E, 15 kW-hr. To make maximum use of wall -plug energy 
(electricity), this type of system Is restricted to use on a fixed route that 
has charging stations located at Intervals that are within the flywheel range 
of the vehicle. 


Task I Heat Engine Comparison 

An alternate engine comparison was made by the substitution of a modern, 
high-speed, naturally aspirated diesel engine and an advanced, single-shaft, 
ceramic gas turbine engine Into the veh I cl e/propuls Ion system concepts shown 
in fig. 56. The propulsion systems are configured with nickel-zinc batteries, 
and the battery pack weight was selected to minimize the life-cycle cost. 
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Figure 55. — Task I performance results (MtS/heat engine only). 
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Figure 56.— Task i 


alternate engine comparison 
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The comparisons are summarized In terms of heat engine mode fuel economy, annual 
petroleum usage, and propulsion system acquisition and life-cycle costs. 

The spark- Ignition engine was operated In an on-oft (on-demand) mode; the 
diesel and turbine were allowed to Idle continuously. There Is no noficeable 
difference In the fuel economy and annual fuel usage for the three engines, 
because the Idle losses of the spark-lgn Itlon engine were eliminated, and the 
turbine engine was used only in a configuration In which It could operate at 
nearly constant speed. Both the acquistlon cost and life-cycle costs are com- 
parable for each vehlcle/propulsion system concept, independent of engine type. 
The diesel system would be easier to develop because no new technology Is 
needed. 


TASK I RECOMMENDATIONS 


In Task I, !5 vehicle/propulslon system concepts were investigated. The 
main purpose of the Investigation was to determine which combination of vehicle 
and propulsion system had the best chance of meeting the overall cost and fuel 
usage objectives of the study. 

It was recommended that propulsion system concepts 1.1 and 2.2 be carried 
Into Task 11 for a more detailed evaluation. The Task I data Indicated that 
these two systems had the greatest potential of meeting the cost objectives 
of the study. It was recognized that cost has a stronger Influence In the 
hybrid propulsion system selection process than petroleum usage. 

A second recommendation was made that the simultaneous mixing of heat 
engine and battery power be Investigated In Task II. The Task I results of 
the ffxnpar Ison made between the 50/50 power split and no power split indicated 
large cost and fuel savings benefit for power sharing between the battery 
and a second energy source. 

A third recommendation was that the mission vehicle to be used in the 
remainder of the study be designated a five-passenger family sedan, since It 
has the greatest protential for petroleum savings. This class of vehicle lies 
between the local family sedan (vehicle B) and the intercity family sedan 
(vehicle C) of the study in terms of Its size, weight, and payload, and is 
In line with the scaling down trends that are currently occurring In the auto- 
motive Industry. Historically, a family sedan vehicle has been the largest 
consumer of liquid petroleum (primarily, gasoline). Fig. 57 shows the recent 
petroleum usage by vehicle type for the five mission vehicle designations of 
the study. These data were obtained from ref. 28 and show that currently the 
full size family sedan is the largest petroleum user, followed closely by the 
intermediate/compact sedan. 


VIHICIK 

ITff 

HTNOLIUM UI&SC 
(■ILIIONI Of OiLToNSI 

AOflMflAL 
HTAOilUM yAVmot 
(MIUlUMf Of GAiToNI) 

« CiMiwuiiacAa 

UNDtFINCD NiWAmiCATtOM 

UNKNOWN . Pin MOI ON fUf T« 
iNTflODUCTlON AATt 



12.0» 


zo.as 

tt.t4 

li 1_ ,J ^ 

f M 

• Id 

N -'"T 

1 auttVAaiMki 

O.M 

d.«i 


Figure 51 , — Potential petroleum savings vs vehicle type. 
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PART B 


TASK II, DESIGN TRADEOFF STUDIES 


TASK I I DESIGN TRADEOFF STUDY METHODOLOGY 


This section describes the Task II tradeoffs and the modifications to the 
propulsion system concepts and to the analytical procedures. Computer simu- 
lation results of performance and cost for the two propulsion system concepts 
recommended In Task I are presented in the following section. Cost and Per- 
formance Tradeoffs. Final propulsion system performance is presented In the 
subsequent section, Cost Optimization Tradeoffs. Following that the section. 
Performance Sensitivity Studies, presents results of analytical work that shows 
how certain study procedures and goals affected the design and performance of 
the recommended final propulsion system. 


Revised Vehicle Characteristics 

A review of current automotive markets and size trends in Task I showed 
that a five-passenger vehicle has the greatest potential for petroleum savings. 
Tradeoff studies In Task II were specifically directed toward a propulsion 
system for this five-passenger vehicle. The basic design constraints provided 
by NASA are reiterated In table 15 for the selected configuration, and the 
performance goals that apply to this vehicle are presented In table 16. 


TABLE 15.— BASIC DESIGN CONSTRAINTS 


Mission/vehicle designation 

BC 

Pay load: 


Number of passengers 

5 

Cargo, kg (lb) 

75 (165) 

Tota 1 , kg (lb) 

415 (915) 

Carriage characteristics: 


Test payload, kg (lb) 

207 (456) 

Fixed weight, kg (lb) 

510 (1124) 

Aerodynamic coefficient, CqA, (ft^) 

0.60 (6.5) 

Tire rolling resistance (V = km/hr) 

0.008 + 1 X 10“5v + 

8 X 10"2 v2 

Tire rolling radius, m (ft) 

0.30 (1.0) 

Accessory load (maximum), W 

600 

! 



TABLE 16.— VEHICLE BC PERFORMANCE GOALS 


Min. top speed on level road, km/hr (mph) 

105 (65) 

Max. accel. time; 


0 to 50 km/hr (0 to 31 mph), s 

5 

0 to 90 km/hr (0 to 56 mph), s 

12 

40 to 90 km/hr (25 to 56 mph), s 

10 

Gradeabillty at speed for specified distance: 


1 

1 >% grade, 90 km/hr (56 mph), km (ml) 

1.5 (0.93) 

8J5 grade, 50 km/hr (31 mph), km (mi) 

0.5 (0.31) 

15/J grade, 25 km/hr (16 mph), km (ml) 

0.3 (0.19) 

Min. ramp speed attainable from a stop 


on uphill grade In 300 m (984 ft), km/hr (mph) 

90 ( 56) 

Min. sustained speed up 45? grade, km/hr (mph) 

90 (56) 


Revised System Concept Definition 

Propulsion system concepts 1.1 and 2.2 were chosen as the systems with the 
greatest potential for Improvement in Task II tradeoff studies. Modifications 
wore made to both concepts based on the experience gained from the Task I para- 
metric studies. 

Modified concept 1.1 . — Concept 1.1 was chosen for simplicity, low weight, 
and good overall efficiency. It was modified for the Task II tradeoff studies 
by replacing the discrete four-speed transmission with a continuously variable 
mechanical transmission. The modified concept 1.1 Is shown in fig. 58. 
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Figure 58. — Modified concept 1.1. 
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The continuously variable mechanical transmission (CVT) provides a more 
flexible propulsion system. Heat engine speed and motor speed are not locked to 
the differential speed by discrete ratios, but can be set to the most efficient 
operating speed for the required power output. Differences In cost and weight 
between the CVT and the four-speed automatic transmission are minimal. The CVT 
is slightly less efficient at all operating points than the four-speed trans- 
mission, but the Increase In efficiency of the heat engine afid motor, due to the 
better speed range, more than makes up for this decrease In transmission effi- 
ciency. The transmission is capable of a range of ratios from 0.3:1 to 3:1. A 
schematic diagram and efficiency curves for the CVT are shown In figs. 59 and 60. 

The variable action of the CVT Is achieved In the double-cavity toroidal 
drive. The main shaft of the transmission has a drive disc attached to each 
end; the discs have a section of toroidal shape. Two similar discs are located 
Inboard of the outer discs, and form the two cavities. The Inboard discs are 
mounted on separate bearings and are capable of a limited amount of axial motion. 
Rollers, mounted on swivel shafts, contact each set of Inboard and outboard 
discs. The drive ratio Is changed by swiveling the contact rol lers from contacts 
close to center on the drive discs and far from center on the driven discs to the 
other extreme of far from center on the drive discs to close to center on the 
driven discs. The rollers are not forced into ratio position but are steered 
as the wheels of a car by low-pressure hydraulic pistons that balance Internal 
tangential forces that are generated at the roller contacts. 



Figure 59.--Continuously variable transmission (CVT). 

Modified concept 2.2 .— Concept 2.2 was chosen for Its high efficiency and 
potential for improvement. A regenerative continuously variable transmission 
(CVT) was added to decouple the flywheel from the heat engine and electric 
motor. The modified concept 2.2 Is shown in fig. 61. 


95 







S-4627Z 


Figure 6).— Modified concept 2.2. 


The original concept required the flywheel, heat engine, and electric 
motor to be mechanically geared togethsr* The major limitation of this previ- 
ous system is that the flywheel sets the speed of the heat engine and electric 
motor near their maximum speed points, and therefore precludes efficient opera- 
tion of the two power sources. 

The addition of the regenerative CVT In the modified concept 2.2 allows 
the flywheel speed to be Independent of heat engine speed and motor speed. 

The heat engine or motor can be operated at the best operating speed using 
the primary drive CVT, The flywheel is always available at the driveline 
through the regenerative CVT. 

The variable action of the regenerative CVT is achieved in the double- 
cavity toroidal drive as was described for the primary drive CVT. The main 
shaft of the transmission has a drive disc attached to each end, and two similar 
discs are located inboard of the outer discs, forming the two cavities. Rollers, 
mounted on swivel shafts, contact each set of inboard and outboard discs, and 
the drive ratio is changed by swiveling the contact rollers. The contact force 
Is adjusted by a loading cam located between the two central discs that provides 
a separating force, thereby generating equal forces for the two cavities. The 
contact forces are balanced within the end discs, and no heavy thrust bearings 
are required for the rotating assembly. 

The output from the Inboard discs is taken through a gear train to a final 
planetary gear set with the sun on the main shaft and the output taken from the 
planet carrier. This final CVT output then goes to the output drive and differ- 
ent i a I . 
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A schematic diagram of the regenerative CVT Is shown In fig. 62. The 
‘addition of power regeneration, using an eplcycllc gear set, expands the ratio 
range of the transmission to infinity. The high reduction required to match 
flywheel speed to driveline speed Is possible with this regenerative CVT. The 
efficiency, shown In fig. 63 » Is lower than the primary drive CVT because of 
Internal losses In the regeneration path. 

The regenerative and primary CVT would be built using a common housing 
and controls. The addition of the regenerative unit would add about 14 kg 
to the transmission weight and $50 to the cost. 


In 



Figure 62. — Regenerative continuously variable transmission. 


Power and Energy Management Tradeoffs 

The power and energy management scheme for computer simulation of concepts 
).1 and 2.2 is presented In tables 17 and 18. The systems are In the electric 
mode until the battery depth of discharge reaches 80 percent. The battery pack 
Is the main energy source In this mode, supplying 100 percent of all energy 
requirements In all vehicle states except acceleration. The acceleration state 
is the most critical as the large power drain required can quickly discharge the 
battery. The power taken from the battery during acceleration can be limited 
to any value from zero to the maximum battery capacity. Any power requirement 
over the battery power limit is supplied by the heat engine In concept 1.1 or 
the flywheel in concept 2*2. Thus, the power required at the transmission can 
be split between the battery pack and the heat engine or flywheel. This power 
split is an important analytical tool that allows the battery to be used effi- 
ciently and leads to smaller battery packs and lower costs. The distance that 
the vehicle can travel in the electric mode on the test cycle to 80 percent 
depth of discharge Js defined as the prime electric range. 






Percent rated power 


Figure 63 ,— Regenerative continuously variable transmission performance 



TABLE 17.-»P0WER AND ENERGY MANAGEfOT E0«< CONCEPT M 


Mode 

1 

Vebicl® state 

Power and one'"gy flow 

Electric 

Acceleration 

Battery supplies all power up to a preset limit. 
Heat engine supplies any excess power requirement. 


Cru 1 se 

Battery supplies all power. 


Brake 

Braking energy regenerated Into battery. 

Engine 

Acceleration 

Heat engine supplies all power up to a preset limit. 
Battery supplies any excess power requirement. 


Cruise 

Heat engine supplies all power. 


Brake 

Braking energy regenerated Into battery. 


Stop 

Heat engine useu to cnarge battery to 80 percent 


TABLE 18.— POWER AND ENERGY MANAGEMENT FOR CONCEPT 2.2 


Mode 

Vehicle state 

Power and energy flow 

Electric 

'' ' ' 

Acceleration 

Battery supplies all power up to a preset limit. 
Flywheel supplies any excess power requirement. 


Cru 1 se 

Battery supplies all power. 


Brake 

Braking energy regenerated into flywheel. When 
flywheel Is at full speed, braking energy regen- 
erated Into battery. 


Stop 

Heat engine used to charge flywheel to full speed. 

Eng 1 ne 

Acceleration 

Heat engine supplies all power up to a preset limit. 
Flywheel supplies any excess power requirement. 


Cruise 

Heat engine supplies all power. 


Brake 

Braking energy regenerated Into flywheel. When 
flywheel is at full speed, braking energy regen- 
erated into battery. 


Stop 

Heat engine used to charge flywheel to full speed. 
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The propulsion system Is In the engine mode after the battery has reached 
80 percent depth uf discharge. The same type of power spilt can be made between 
the heat engine and the battery pack In concept 1.1 or the flywheel In concept 
2.2. The power split allows the heat engine to be operated In a low BSFC region 
and thus reduce the expended fuel. The heat engine supplies 100 percent of 
all power requirements for all vehicle states except acceleration In the engine 
mode. 


Scope of Task II Analysis 

The Task II analysis was completed In two phases. Cost and performance 
tradeoffs were done to choose between concept 1.1 and concept 2.2. Optimization 
tradeoffs were performed once the best concept was chosen. 

Acquisition cost, life-cycle cost, and annual fuel usage were viewed as the 
most Important characteristics of each propulsion system. These characteristics 
were heavily dependent upon throe Input parameters! engine size, battery pack 
size, and power split. The effects of two of these parameters, battery pack 
size and power split, were Investigated In the Initial cost and performance 
tradeoffs of Task II. A heat engine size of 56 kW was chosen and kept constant 
throughout the Initial comparison. A minimum battery pack size to meet the 
design performance goals was found for concepts 1.1 and 2.2, using both nlckel- 
z Inc and lead-acid batteries. Thus, four different propulsion systems were 
def Ined. 

Battery pack size was Increased so a total of nine propulsion systems were 
Investigated in the Initial comparison as shown In table 19. The power split 
was varied for each of the nine propulsion systems to find the optimum operating 
conditions. Comparisons of the analytical results show concept 1.1 with lead- 
acid batteries to be the most cost effective, as shown In the Cost and Perform- 
ance Tradeoffs section. 

The cost optimization tradeoffs were performed to Investigate the following 
major input parameters: engine size, battery size,, and power split. Three 

engine sizes were chosen. A minimum battery pack size was found for each engine 
size, thus defining three propulsion systems. Additional systems were defined 
with Increased battery packs, as shown In table 20. Optimum operating conditions 
wore found by varying the power spilt In each propulsion system. A system with 
a 65-kW engine and 386 kg of load-acid batteries was chosen in the optimization 
subtask, as shown In the Cost Optimization Tradeoffs section. 

The optimization continued, once the heat engine and battery pack size 
were chosen, by accurately sizing all system components, based on maximum power 
loads and hardware efficiency characteristics. A study was made of the sen- 
sitivity of the propulsion system to electric motor type, heat engine type, 
acceleration rate on special test cycle, and vehicle performance goals. 
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^Minimum battery pack weight to meet performance goals 




















CX)ST AND PERFORMANCE TRADEOFFS 

This section contains results of the Initial tradeoffs. These tradeoffs 
wore performed to show the effect of varying power split on vehicle cost and 
performance, and to choose between concept 1.1 and concept 2.2 as the final 
concept. 


Prime Electric Range and Fuel Economy 

Prime electric range and fuel economy are plotted against power split In 
figs. 64 to 67. Each curve represents one propulsion system operated on the 
special test cycle varying the power limit on the battery pack during accelera- 
tion. The effect of reducing the battery power Is to increase electric range 
and reduce fuel economy. The 100 percent battery power line represents an all 
electric mode of operation. Not all propul Ison systems studied are capable of 
running the STC on battery alone, so the 100 percent battery power line cannot 
be achieved In all cases. 



Figure 64. — Concept 1.1 electric mode performance (nlckel-zlnc battery). 
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Figure 67.— Concept 2.2 electric mode performance (lead-acid battery). 


Concept l.I shows more extreme changes In both electric range and fuel 
economy than concept 2*2 as the battery power is reduced. 

The heat engine Is heavily used to meet acceleration power requirements 
In concept 1.1 when the battery power is reduced. The battery receives all the 
regenerative braking energy. Thus the lightly loaded battery receives the full 
benefit of regenerative braking energy to increase electric range at the expense 
of using more fuel during acceleration. 

The flywheel is used to meet power requirements as battery power is reduced 
during acceleration in concept 2.2. The regenerative braking energy is used to 
restore flywheel speed. The heat engine Is only used in concept 2.2 to bring 
the flywheel up to full speed if the regenerative braking energy is inadequate. 
Thus the lightly loaded battery does not receive the benefit of regenerative 
braking energy to boost the range, but less fuel is used. 


Annual Fuel Usage 

Annual fuel usage for various power splits is shown In figs. 68 and 69. 
There are many factors that affect the annual fuel calculation. The specific 
fuel consumption in the electric mode, engine mode, and cruise at 90 km/hr, 
as well as the prime electric range, cruise range, and daily range frequency 
are all considered to obtain the annual fuel usage. The miminum point on the 
annual fuel usage curves occurs at a different power split for each propulsion 
system. 
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Life-Cycle Cost 


Life-cycle cost vs power split curves are shown In figs. 70 and 71. These 
curves show that the most economical operation of a particular propulsion system 
occurs at low battery power. Systems with lead-acid batteries have lower life- 
cycle costs than those systems with nickel-zinc batteries. 


Fuel Usage and Cost Comparison 

Minimum annual fuel usage, acquisition cost, and life-cycle cost for. the 
nine propulsion systems studied in the initial comparison are shown in figs. 

72 to 74. The power split chosen for minimum annual fuel usage and life-cycle 
cost is that power spilt that gives the least annual fuel usage. The acqui- 
sition cost is not dependent upon power split for a fixed battery weight and 
engine size. These charts illustrate the Inverse relationship between cost and 
f ue I usage . Lower cost systems use more f ue I . 



Power from battery during acceleration 
(remainder from heat engine), percent 


Figure 70. — Concept 1.1 life-cycle cost. 
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Cost Benefit Comperlsons 


Acquistitlon cost benefits and life-cycle cost benefits are presented In 
figst 75 and 76. Cost benefits compare fuel savings as a function of added 
cost to the owner for the different propulsion systems. The performance of a 
conventional, all-gasoline propulsion system was estimated using the analytical 
methods used throughout the study. The conventional propulsion system weighs 
322 kg, which leads to a vehicle test weight of 1411 kg. The conventional 
system uses 1416 liters <374 gal) of fuel annually, costs $767, and has life- 
cycle costs of $7600. Fuel savings and added costs are computed for each hybrid 
propulsion system by comparing It to the conventional all -gasoline propulsion 
system. Acquisition cost benefits are the ratio of fuel saved to added acquisi- 
tion cost. Life-cycle cost benefits are the ratio of fuel saved to added life- 
cycle cost. 

The acquisition cost benefits generally show concept l.t to be more cost 
effective than concept 2.2. The life-cycle cost benefits sh<Jiw concept 1.1 with 
lead -acid batteries to be far superior. 

Concept 1.1 was selected, with NASA concurrence, as the selected propulsion 
system for optimization In this study. 
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Figure 75. — Acquisition cost benefits vs battery weight and type. 
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COST OPTIMIZATION TRADEOFPS 


The Initial comparison subtask showed concept 1.1 with load-acid batteries 
to be the most cost effective. The purpose of the optimization subtask was to 
size the final propulsion system components. The engine size and battery pack 
size were the most Important variables. Nine different propulsion systems were 
Investigated, as shown In table 20. Analysis was made on the nine systems In 
the same manner used In the Initial comparison. The cost benefit charts for 
the nine propulsion systems showed the 65~kW heat engine and 386 kg of batteries 
to be the best system. A 1 1 other components could then bo sized based on the 
maximum power loads that occur In each component. 


Cost Benefit Comparison 

Acquisition cost benefits and life-cycle cost benefits are shown In figs. 
77 and 78. The 65-kW (87-hp) heat engine with 386 kg (850 lb) of lead-acid 
batteries Is clearly the most cost effective system. This system yields the 
most petroleum saved for each dollar spent. 


Final System Performance 

The remaining propulsion system components were sized to permit maximum 
power loads during the acceleration goal of 0 to 90 km/hr In 12 s. The final 
propulsion system design summary is shown In table 21, along with the weight 
and cost statement of each component In the final propulsion system. The 
guidelines used In calculation of component costs and weight can be found In 
tables 10 and 1 1 . 

The final propulsion system performance summary Is shown in table 22. The 
special tost cycle (STC), shown in fig. 6, represents the urban driving cycle, 
and the constant vehicle speed of 90 km/hr represents the highway driving cycle. 
Performance was also calculated using the federal urban driving cycle and the 
federal highway driving cycle. Battery life, annual fuel and electricity con- 
sumption, and life-cycle cost were calculated using the dally range frequency 
specified in table 4. For days with an 80-km range or more, the highway driving 
cycle is used exclusively. For days with more than an 80-km range, the highway 
driving cycle is used 90 percent of the distance, and the urban driving cycle 
Is used 10 percent of the distance. There is electric recovery in the engine 
mode, because more energy is put into the battery during braking than is removed 
during acceleration. The annual fuel average is the annual mileage divided by 
total annual fuel usage. 

Additional results and cost worksheets are presented In figs. 79 through 
83 and table 23. 
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Figure 77.— Acquisition cost benefit vs battery weight and engine size 
for concept 1.1 with lead-acid batteries. 
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Figure 78.— Life-cycle cost benefit vs battery weight and engine size 
for concept 1.1 with lead-acid batteries. 
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TABLE 21— FINAL PROPULSION SYSTEM COMPONENT COST AND WEIGHT SU^WARy 


i 




Component 

Rating 


Acquisition 
cost# $ 

Hoot engine# 
apark- Ignition 

6J5 kW at 
4000 rpm 

199 

410 

Electrical 

machine 

20 kW 
14 #000 rpm 

12 

375 

1 nverter 
and controls 

40 kW 

36 

905 

Meehan I ca 1 
eVT 

90 kW 

3;1 to 0.3:1 
ratio 

96 

267 

Gearbox 

40 kW 
3.5: 1 
ratio 

12 

57 

Differential (fwd) 

90 kW 
4:1 ratio 

59 

196 

ISOA j 

Lead-acid | 

1 

100 W/kg 
40 W-hr/kg 
at 3-hr rate 

386 

1004 

Total propulsion system 

800 

3214 













TABLE 22.— FINAL PROPULSION 


Test cycle 


Heat engine/battery power split during 
acceteratfon 


Urban driving cycle electric mode; 

Prime electric range, km 
Electricity usage, W-hr/km 
Fuel usage, km/ 1 Iter 


Urban driving cycle engine mode; 

Fuel usage, km/ 1 Iter 
Electricity recovery, W- hr/km 


Highway driving cycle electric mode; 

Highway electric range, km 
Electric usage, W-hr/km 
Fuel usage, km/ 1 Iter 


Highway driving cycle engine mode: 

Fuel usage, km/ 1 1 ter 
Electricity recovery, W-hr/km 

Battery pack life, yr 

Annual electricity usage, kW-hr 

Annual fuel usage, liters 

Annual fuel average, km/ 1 Iter 

Acquisition cost, $ 

Life-cycle cost, jl/km 


j 


STEM PERFORMANCE SUMMARY 



STC 

FUOC/FHDC 


30/70 

30/70 





218 

toi 


68 

98 


30 

26 


14 

13 


20 

51 


39 

93 


183 

105 


0 

26 


18 

17 


0 

12 



5.5 


1475 

1659 


590 

666 


27 

24 


3214 

3214 


5.4 

5.8 


5 







































LIFE CYCLE COST WORKSHEET 



































OPERATING COST WORKSHEET 
























































































































































ffTl. ^ ® ■'•'’S' Prcpufsfoi 





OPERATING COST WORKSHEET 



Figure 83. — Operating-cost worksheet for the final propulsion system operated 
on the FUDC and FHCXT. 







































































































































TABLE 23.— ENERGY FLOW DISTRIBUTION FOR FINAL PROPULSION SYSTEM 
OPERATED THROUGH ONE CYCLE OF SPECIAL TEST CYCLE 

























PERFOf^MANCE SENSITIVITY STUDIES 


A study was performend to measure the sensitivity that some of the ground 
rules had upon final vehicle design, performance, and cost. This sensitivity 
study was by no means exhaustive and further work In this area might be pro- 
ductive. 


Electric Motor Sensitivity 

Both Task I and Task II studies used a permanent magnet dc electric motor. 
The effect on the final propulsion system of substituting a mechanically commu- 
tated dc shunt motor was Investigated. 

Shunt-wound dc motors are partlculary well-suited as traction motors whore 
close speed control Is desired. Using a separately excited field, with the 
field winding shunting the armature winding, the speed control Is achieved 
by varying the relatively low power In the shunt circuit. 

The dc motor with a separately excited field can provide constant horse- 
power from base speed to rated speed. This feature shapes the torque-speed 
relationship so that the torque at base speed Is approximately 250 percent of 
the torque at rated speed. Base speed Is defined as the lowest equilibrium 
speed reached by the motor when full armature voltage Is applied and the field 
Is fully excited. Below base speed, the torque can be held constant by decreas- 
ing the armature voltage In proportion to the speed reduction. The motor 
develops full power at base speed, with maximum efficiency. Above base speed, 
the power that can be developed remains nearly constant, using field weakening 
to control velocity, subject to the power constraints of commutation limit, 
saturation limit, and thermal limit. The motor performance map used for the 
dc shunt motor Is shown In fig. 84, and it Includes the losses associated with 
field control. This map represents the estimated performance for a motor with 
100 percent rated power of 20 kW. The map Is accurate for motors that are rated 
within +10 percent of the basic machine. 

Direct current machinery is limited by the requirement for a commutator 
and brush network to supply armature power. The brushes wear and require peri- 
odic maintenance, and the limitation on peripheral speed of the commutator In 
turn limits the amount of size reduction, with speed Increase, which can be 
accomplished to improve power density. The estimated motor size to achieve the 
performance In fig. 84 Is 55 kg. This size and performance Is based on current 
high-performance motor designs. There is no overall weight penalty compared to 
the permanent magnet dc electric motor because no electronic inverter is required 
for the dc shunt motor. 

It is apparent that the optimum dc shunt motor performance is achieved at 
base speed. When the motor is used in a system with a variable transmission, 
the transmission is employed to allow the motor to reach base speed as soon as 
possible, and to operate close to base speed over as much of the driving cycle 
as possible. In this case the motor starting operation can be accomplished 
by the simple expedient of reduced voltage applied to the armature in steps 
to limit current, and this regime of operation is so short, up to a vehicle 
speed of approximately 6 km/hr, that the efficiency of operation is not a 
significant concern. 


f.* 







Figure 84. — Dc shunt motor performance. 


The results of this investigation are shown in table 24 and figs. 85 and 
86. The lower efficiency of the dc shunt motor results In a shorter electric 
range and more electric energy usage compared to the final propulsion system. 

The fuel consumption is slightly lower with the dc shunt motor because in the 
electric mode the best operating speed is lower for the dc shunt motor than 
for the permanent magnet motor that is used in the final system. When the heat 
engine Is required to buffer the electric motor, the lower speed of the dc shunt 
motor allows the heat engine to operate at a better efficiency. The greatest 
effect of substituting the dc shunt motor into the final propulsion system is 
in the reduction of the acquisition cost by $717. 


Heat Engine Sensitivity 


The final system was evaluated with four different engine/operating mode 
combinations: (1) gasoline, on-off, (2) gasoline, idle, (3) diesel, on-off, and 

(4) diesel, idle. The final propulsion system uses a gasoline engine operated 
in an on-off mode. In this mode the engine does not Idle. No fuel is consumed 
if no power is required from the engine. This on-off operation leads to reduced 
fuel usage, but some technical risks are Involved In developing such a system. 

The results for the four propulsion systems operated on the special test 
cycle are shown in table 25. The diesel engine vehicle weighs 83 kg and costs 
$190 more than the gasoline engine vehicle. The diesel engine is capable of 
a much lower idle fuel flow than the gasoline engine; thus annual fuel usage 
does not increase with the diesel as much as with the gasoline engine when the 
engine is allowed to idle. 
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TABLt 24,— PERFORMANCE SUMMARY FOR PROPULSION SYSTEM WITH DC SHUNT MOTOR 


Test Cycle 

STC 

FUDC/FHDC 

Heat engine/battery power split during 
acceleration 

30/70 

30/70 

Urban driving cycle electrical mode; 



Prime electric range, km 

195 

87 

Electricity usage, W-hr/km 

95 

116 

Fuel usage, km/ liter 

29 

30 

Urban driving cycle engine mode: 



Fuel usage, km/ liter 

13 

13 

Electricity recovery, W-hr/km 

18 

46 

Highway driving cycle electric mode: 



Highway electric range, km 

42 

91 

Electricity usage, W-hr/km 

179 

107 

Fuel usage, km/I Iter 

0 

33 

Highway driving cycle engine mode: 



Fuel usage, km/I Iter 

18 

17 

Electricity recovery, W-hr/km 

0 

11 

Battery pack life, yr 

7.5 

5.0 

Annual electricity usage, kW-hr 

1579 

1 ^ 

1913 

L . __ . 

Annual fuel usage, liters 

602 

590 

Annual fuel average, km/I Iter 

27 

27 

1 

Acquisition cost, $ 

2411 

^ 

24 1 1 

Life-cycle cost, t^/km 

5.0 

5.3 





































Powei^ f rom battery <JuHng aeee I oration 
(remainder from heat engine) » percent 


Figure 85.— U fe-cycle cost and annual fuel usage vs power spilt 
for propulsion system with dc shunt motor. 





Figure 86. — Cost benefit comparison between the final propulsion 
system and propulsion system with dc shunt motor. 





TABLE 25.— SENSITIVITY OF VEHICLE PERFORMANCE TO HEAT ENGINE TYPE AND 
MODE OF OPERATION 


Heat engine type 

Gasol 

ine 

Diesel 

Operation of heat engine 

On-Off 

Idle 

On-Off 

idle 

Heat engine/battery power split 

30/70 

30/70 

30/70 

30/70 

during acceleration 





Urban driving cycle electrical modes 





Prime electric range, km 

218 

218 

236 

236 

Electricity usage, W-hr/km 

88 

88 

89 

89 

Fuel usage, km/I Iter 

30 

19 

31 

23 

Urban driving cycle engine modes 





Fuel usage, km/ liter 

14 

14 

15 

15 

Electricity recovery, W-hr/km 

20 

20 

20 

20 

Highway driving cycle electric modes 





Highway electric range, km 

39 

39 

37 

37 

Electrlcty usage, W-hr/km 

183 

183 

185 

185 

Fuel usage, km/ liter 

■ 

0 

0 

0 

0 

Highway driving cycle engine modes 





Fuel usage, km/ liter 

18 

18 

17 

17 

Electricity recovery, W-hr/km 

0 

0 

0 

0 

Battery pack life, yr 

mi 

7.9 

8.1 

8.1 

Annual electricity usage, kW-hr 

1475 

1475 

1480 

1480 

Annual fuel usage, liters 

590 

804 

507 

628 

Annual fuel average, km/ 1 iter 

27 

20 

32 

25 

Acquisition cost, $ 

3128 

3128 

3318 

3318 

Life-cycle cost, ji!/km 

mi 

5.8 

5.2 

mm 
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Fuel and Electricity Cost Sensitivity 

Three fuel and electric cost scenarios were postulated by NASA for the 
future. The mid values of projected costs were used to calculate life-cycle 
costs and operating costs throughout Task I and Task II. The life-cycle cost 
for the final propulsion system was computed using all three sets of projected 
energy costs. These results, along with the cost upon which the results ere 
based, are presented In fig. 87. The four propulsion system/operatlng mode 
combinations presented In the heat engine sensitivity were operated on the 
special test cycle. A conventional, al l-heat-engine propulsion system was 
also evaluated for comparison. 

The sensitivity to energy costs Is quite apparent. The three cost scenar- 
ios Indicate a 100-percent Increase In fuel cost but only a 40-percent Increase 
In electric cost. Under these circumstances propulsion systems using more fuel 
rise In cost more rapidly than systems using less fuel. The proposed final 
propulsion system will become less costly than a present-day conventional sys- 
tem when the energy costs of the third scenario are realized. 



.05 


.06 


.07 


Electricity cost, $/kW-hr 




Figure 87.— LI fe-cycle cost sensitivity to petroleum and 
electricity costs. 



Test Cycle Sensitivity 


The special test cycle, fig. 6, requires an acceleration from 0 to 
72 Irni/hr In 14 s. The time to accelerate was extended successively to 20 s 
and 28 s to measure the effect of acceleration time upon vehicle performance. 
Cruise, coast, brake, and dwell time and vehicle, battery, and propulsion 
system wore kept constant. The performance of the final propulsion system was 
calculated using the three different acceleration times. The results are shown 
In table 26. 

These results do not show great variations as a function of acceleration 
time. The prime electric range varies only slightly. This can be explained 

by plotting battery depth of discharge (DOD) against time (fig. 88). The depth 

of discharge profile Is the same aftor the acceleration phase for each test 
cycle. The only difference occurs during the acceleration phase. Each accel- 
eration ends at approximately 0.4 percent DOD. The lower acceleration rate 
requires less power from the battery, but the time Is longer. The energy to 
accelorate a car at any rate Is essentially constant. The battery Is buffered 
by the engine In all three cases to keep battery power low. The specific energy 
is nearly constant at low specific power (see figure 7). 

The fuel consumption Is reduced by 10 percent as accole'*atlon Is Increased 
to 28 s. The lower power required In the slower accelerations allows the engine 

to be used at a speed and torque point that Is more fuel efficient. 


Performance Goal Sensitivity 

The basic performance goals for the new mission vehicle designated BC are 
presented In table 16. The maximum acceleration goal of 0 to 90 km/hr In 12 s 
was used to size the propulsion system components. The sensitivity to this 
acceleration goal was Investigated by designing two new propulsion systems, 
one capable of 0 to 90 km/hr acceleration In 16 s and the second In 20 s. It 
was assumed that, as the 0 to 90 km/hr acceleration goal was reduced, all the 
other performance goals were lowered so that the 0 to 90 km/hr acceleration 
goal still sizes the components. Two more systems were designed with small 
engines (22 kW) and larger battery packs that could accelerate to 90 km/hr In 
15 s and 18 s. All five propulsion systems studied are presented In table 27. 
Euch of the new propulsion systems was evaluated on the three test cycles used 
In the test cycle sensitivity. The performance results are shown In tables 28 
and 29. 

The propulsion system that allowed 0 to 90 km/hr In 16 s had a 37-kW heat 
engine, 272 kg of lead-acid batteries, and a test weight of 1824 kg. The pur- 
chase cost of $2705 Included $707 for batteries. This price represents a 
decrease from the final propulsion system cost of $423. The annual fuel usage 
does not change a great deal (5 percent) when compared to the final propulsion 
system. 
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TABLE 26.— FINAL PROPULSION SYSTEM PERFORMANCE SENSITIVITY TO TEST CYCLE, 
CAPABLE OF ACCELERATING 0 TO 90 KMAR IN 12 S 


Accoleratlon ttmo to 72 km/hr 
In test cycle, s 

14 

20 

Heat engine/battery power split during 
acceleration 

30/70 

30/70 

Urban driving cycle electric mode: 



Prime electric range, km 

218 

219 

Electricity usage, W-hr/km 

88 

90 

Fuel usage, km/ liter 

30 

33 

Urban driving cycle engine mode: 



Fuel usage, km/ liter 

14 

14 

Electricity recovery, W-hr/km 

20 

10 

Highway driving cycle electric mode: 



Highway electric range, km 

39 

39 

Electricity usage, W-hr/km 

183 

183 

Fuel usage, km/ liter 

0 

0 

Highway driving cycle engine mode 



Fuel usage, km/ 1 Iter 

18 

18 

Electricity recovery, W-hr/km 

0 

0 

Battery pack life, yr 

7.9 


Annual electricity usage, kW-hr 

1475 

1491 

Annual fuel usage, liters 

590 

553 

Annual tuel average, km/I Iter 

27 

29 

Acquisition cost, $ 

3120 

3128 

Life-cycle cost, //km 

1 

1 


28 

30/70 

































Maximum acceleration to 90 km/hr, s 

12* 

Heat engine rating, kW 

65* 

Batter y pack s 1 20 , kg 

386* 

Test weight, kg 

2078^^ 


20 

18 

22 

22 

181 

363 

1324 

1560 



^Flnal propulsion system 
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TABLE 28.— PERFORMANCE SUMMARY FOR A PROPULSION SYSTEM WITH 37-KW HEAT 
ENGINE AND 272 KG OF LEAD-ACID BATTERIES, CAPABLE OF ZERO 
TO 90 KW/HR ACCELERATION IN 16 S 


Acceleration time to 72 km/hr 

14 

20 

28 

on test cycle, s 


A 


Heat engine/battery power spilt during 
acceleration 

35/65 

30/70 

30/70 

Urban driving cycle electric mode: 




Prime electric range, km 

91 

141 

146 

Electricity usage, W-hr/km* 

93 

84 

83 

Fuel usage, km/ liter 

34 

32 

32 

Urban driving cycle engine mode; 



■i 

Fuel usage, km/I iter 

14 

15 


Electricity recovery, W-hr/km 

8 

3 

BI 

Highway driving cycle electric mode: 




Highway electric range, km 

21 

21 

O 1 

Electricity usage, W-hr/km 

174 

174 

174 

Fuel usage, km/ liter 

0 

0 

0 

Highway driving cycle engine mode: 




Fuel usage, km/ 1 iter 

18 

18 

18 

Electricity recovery, W-hr/km 

0 

0 

0 

Battery pack life, yr 

■BHjjll 

6.5 

6.6 

Annual electricity usage, kW-hr 

1446 

1312 

1297 

Annual fuel usage, liters 

560 

579 

583 

Annual fuel average, km/llter 

29 

28 

27 

Acquisition cost, $ 

2705 

2705 

2705 

Life-cycle cost, li/km 

HQBI 

■Bi 

4.9 
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TABLE 29.— PERFORMANCE SUNWARY FOR PROPUl-S' * T- iiTEM WITH 22-KW HEAT 
ENGINE AND 181 KG OF LEAD-ACID bA'i,...iLS CAPABLE OF ZERO 
TO 90 KM/HR ACCELERATION IN 20 S 


Acceleration tinve to 72 km/hr 
on test cycle, s 

14 

20 

28 

Heat englne/battery power split during 
accel oration 

50/50 

40/60 

30/70 

Urban driving cycle electric mode; 




Prime electric range, km 

13 

42 

57 

Electricity usage, W-hr/km 

106 

88 

79 

Fuel usage, km/ liter 

54 

38 

35 

Urban driving cycle engine mode; 




Fuel usage, km/ liter 

15 

15 

14 

Electricity recovery, W^hr/km 

0 

6 

0 

Highway driving cycle electric mode: 




Highway electric range, km 

9 

9 

9 

Electricity usage, W-hr/km 

157 

157 

157 

Fuel usage, km/ liter 

0 

0 

0 

Highway driving cycle engine mode; 




Fuel usage, km/ liter 

19 

19 

19 

Electricity recovery, W-hr/km 

0 

0 

0 

Battery pack life, yr 

2.6 

3.5 

4.0 

Annual electricity usage, kW-hr 

671 

964 

1012 

Annual fuel usage, liters 

791 

651 

621 

Annual fuel average, km/ 1 Iter 

20 

25 

26 

Acquisition cost, $ 

2385 

2385 

2385 

Life-cycle cost, f^/km 

5.3 


4.8 


L 











































The prim© electric range was shorter In the new propulsion system than In 
the final propulsion system. This Is caused primarily by the fact that there 
are fewer batteries In the new system. There Is another factor that further 
reduces the range in the test cycle with 0 to 72 in 14 s. The battery pack 
must operate at a higher specific power (50 W/kg) to accelerate to 72 km/hr In 
14 s, compared to the 20- and 28-s acceleration cycles (30 W/kg). The higher 
specific power leads to lower specific energy. The battery used at 50 W/kg Is 
discharged much quicker than the battery used at 30 W/kg. The battery depth 
of discharge vs time curve is shown In fig. 89. 

The propulsion system that could accelerate to 90 km/hr In 20 s had a 
22-kW heat engine, 181 kg of lead-acid batteries, and a vehicle test weight of 
1324 kg. The propulsion system is underpowered and, for all but the slowest 
acceleration (0 to 72 km/ hr in 28 s), both engine and battery operated near 
their maximum. This resulted in short electric range and a relatively large 
fuel usage. The test cycle with the slowest acceleration did allow both heat 
engine and battery to be partly loaded, but the electric range Is still quite 
short, and large amounts of fuel are required. The short electric range leads 
to more miles in the engine mode. A small underpowered engine operated near 
full power Is not very efficient. 



Figure 89. — Battery depth of discharge vs time for propulsion system 
with 37-kW heat engine and 272 kg of lead-acid batteries 
capable of zero to 72 km/hr acceleration in 16 s. 
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There has been interest In propulsion systems sized similar to the last 
system with very small gasoline engines. Two additional propulsion systems 
were drawn up with the same 22-kW heat engine and Increased battery weight. 

The propulsion system shown In table 30 has a 22-kw heat engine, 363 kg of 
lead-acid batteries, test weight of 1560 kg, and an acquisition cost of $2858. 
The propulsion system shown in table 31 has the 22-kW heat engine, 544 kg of 
lead-acid batteries, test weight of 1785 kg, and acquisition cost of $3332. 
These two systems were Included for completeness, and rigorous optimization 
of the systems was not attempted. 




TABLE 30.— PERFORMANCE SUMMARY FOR A PROPULSION SYSTEM WITH A 22-KW HEAT 
ENGINE AND 363 KG OF LEAD-ACID BATTERIES CAPABLE OF ZERO TO 


90 KM/HR ACCELERATION IN 18 S 

— " — n 

Acceleration time to 72 km/hr 
on test cycle, s 

14 



?0 

28 

Heat eng 1 ne/battery power split during 
acce 1 erat 1 on 

60/40 

50/50 

30/70 

Urban driving cycle electric modes 




Prime electric range, km 

62 

109 

182 

Electricity usage, W-hr/km 

114 

100 

77 

Fuel usage, km/ liter 

52 

38 

28 

Urban driving cycle engine mode; 




Fuel usage, km/liter 

13 

13 

13 

Electricity recovery, W-hr/km 

0 

0 

0 

Highway driving cycle electric modes 




Highway electric range, km 

42 

42 

42 

Electricity usage, W-hr/km 

165 

165 

165 

Fuel usage, km/I Iter 

0 

0 

0 

Highway driving cycle engine mode; 



fi 

Fuel usage, km/ liter 

19 

19 

19 

Electricity recovery, W-hr/km 

0 

0 

0 

Battery pack life, yr 


mm 

mm 

Annual electricity usage, kW-hr 



1521 

1643 

1307 

Annual fuel usage, liters 

526 

496 

602 

Annual fuel average, km/liter 

30 

32 

27 

Acquisition cost, $ 

2858 

2858 

2858 

Life-cycle cost, ^/km 

|QH|| 

5.0 

5.0 


35 












































TABLE 31.— PERFORMANCE SUWARY FOR A PROPULSION SYSTEM WITH A 22-KW HEAT 
ENGINE AND 544 KG OF LEAD-ACID BATTERIES CAPABLE OF ZERO TO 
90 KM/HR ACCELERATION IN 15 S 


Acceleration time to 72 ktn/hr 
on test cycle, s 

14 

20 

28 

Heat engine/battery power split during 
acce 1 erat i on 

70/30 

55/45 

35/65 

Urban driving cycle electric mode: 




Prime electric range, km 

98 

156 

244 

Electricity usage, W-hr/kmi 

128 

113 

89 

Fuel usage, kni/llter 

53 

39 

28 

Urban driving cycle engine mode: 




Fuel usage, km/ liter 

12 

13 

13 

Electricity recovery, W-hr/km 

0 

5 

5 

Highway driving cycle electric mode: 




Highway electric range, km 

79 

79 

79 

Electricity usage, W-hr/km 

173 

173 

173 

Fuel usage, km/ liter 

0 

0 

0 

Highway driving cycle engine mode: 




Fuel usage, km/ liter 

18 

18 

18 

Electricity recovery, W-hr/km 

0 

0 

0 

Battery pack life, yr 

5.4 

6.8 

8.2 

Annual electricity usage, kW-hr 

2229 

2013 

1676 

Annual fuel usage, liters 

371 

450 

560 

Annual fuel average, km/ liter 

43 

36 

29 

Acquisition ocst, $ 

3332 

3332 

3332 

Life-cycle cost, «J/km 

5.5 

mm 

5.4 


L 
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PART C 

TASK in, CONCEPTUAL DESIGN 


TASK III CONCEPTUAL DESIGN ACTIVITY 


The studies conducted In Task I and II led to the selection of a vehicle 
and propulsion system configuration to achieve maximum petroleum savings at 
reasonable cost. The vehicle type is a five-passenger sedan with a total test 
weight of 2032 kg. A hybrid propulsion system was designed in Task III to power 
the selected vehicle and meet the performance standards summarized in table 32. 


TABLE 32.— FIVE-PASSENGER VEHICLE PERFORMANCE SUMMARY 


Vehicle test weight, kg 

2032 

Battery pack weight (lead-acid), kg 

386 

Power train weight, kg 

414 

Maximum acceleration 0 to 90 km/hr, s 

12 

Maximum speed, km/hr 

105 

Prime electric range, special test cycle, km 

218 

Battery usage 

80 percent DOD 

Fuel usage, km/ liter 

30 

Extended range (engine mode) 

Limited by fuel capacity 

Fuel usage with special test cycle, km/llter 

14 

Fuel usage at constant 90 km/hr, km/ liter 

18 

Life-cycle cost, special test cycle 

$0.054/km 

Acquisition cost 

$3128 
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DESCRIPTION OF CONCEPTUAL DESIGN 


The hybrid propulsion system Is configured as a front-wheel drive unit, 
and a conceptual arrangement Is shown In fig. 90. The equipment Is compact 
enough to fit easily within the engine compartment of a typical five-passenger 
automobile. The power train components, Including the heat engine, the trac- 
tion motor, and all the mechanical power transmission devices, are Integrated 
Into a single compact unit. The electronic control unit, packaged as a separate 
Item, Is shown to the side and rear of the drive train package. A radiator, 
not considered a part of the power train. Is required for engine cooling. The 
battery pack Is shown at the rear of the vehicle to provide good weight dlstrl- 
but I on . 

A side view of the drive train unit Is shown In fig. 91. The unit Is 759.09 
cm long, and the central drive section Is 53.3 cm high. The heat engine Is 
Indicated by the maximum envelope, which Is within the available clearance of 
48.3 cm from axle to firewall as measured on an actual five-passenger vehicle 
(1979 Fairmont). The Indicated hood line clearance Is also typical for a 
five-passenger vehicle. The drive train unit has an estimated weight of 
414 kg. 

A cross-sectional view of the drive train package Is shown In fig. 92, and 
the major components are Identified. The dc traction motor, on the left, con- 
nects through a fixed-ratio speed reducer to the main shaft of the continuously 
variable traction transmission. The heat engine connects through a chain drive 
to the opposite end of the transmission main shaft. The output of the CVT Is 
through a single gear set and then a chain drive to the differential. 


Component Descriptions 

The Individual components of the hybrid propulsion system have been para- 
nretrlcally defined In the tradeoff studies. The following descriptions provide 
the details of the construction and operation of units designed to meet the 
performance definitions. 

Traction motor . — The traction motor Is a brushless dc permanent-magnet (PM) 
motor, rated at 20 kW, and operates off the battery voltage of 168 V. This 
motor Is of the same design as a motor currently being built under a NASA 
contract*, though rated power Is 20 percent less. 


*NASA Contract DEN 3-77 for an Advanced Electric Motor was awarded to A I Research 
Manufacturing Company of California on October 18, 1978. 
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rigure 92 .— Section view of propulsion system drive train. 
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Tho motor Is on ax la I -gap Inductor mochlno with an Iron loss stator. 
Excitation Is provided by a 15 MO-Oo mlsch motal magnet. To permit self- 
synchronous starting and running, the rotor position of tho motor will be 
sensed by a six-elomont, solid-state, Infrared source and sensor, reading slots 
In a cylinder attached to the motor shaft. This Is a proven device used In 
various self-synchronous PM motors to control Inverter firing angle, and Is 
contained within the housing on the left end. 

During starting and running the rotor poles and the stator magnetomotivo 
force are maintained In a synchronous relationship by Invertor logic circuits 
so that no slip occurs. Tho logic circuits respond to rotor position signals up 
to approximately five percent of rated motor speed. Above this speed the logic 
circuits respond to the voltage Induced In the stator winding by the rotor field. 
This method of operation takes Into account the field distortion caused by arma- 
ture current and improves the power factor of tho motor as compared to what Is 
possible by only sensing rotor position, At all times the motor Is functioning 
as a synchronous machine. This type of operation Is called self synchronous 
because the system is continually self adjusting, always maintaining synchronous 
operation, and pull-out cannot occur regardless of applied load. 

A primary factor favoring the axlpolar concept Is Its simplicity and 
suitability for low-cost production. The rotor is comprised of two Identical, 
f Ivc-f Ingered sections separated by a magnet. The two rotor soctlons could bo 
either forged or cast. An aluminum shroud covers each rotor section to direct 
the rotor-induced airflow over the stationary stator colls. The shroud also 
reduces rotor windage loss. 

The stator Is comprised of simple, machine-wound coils, and ribbon con- 
ductors are used to minimize eddy loss In the conductors. The ribbon conductors 
provide desired rigidity to the colls, which are bonded together and supported 
at the stator OD. Ribbon conductors provide superior heat transfer as compared 
to round wire, mush-wound colls or substrate-mounted, pr Inted-clrcult conductors. 
Ribbon conductors also provide the most efficient utilization of the space 
between the poles. The stator does not contain Iron so the typical Iron losses 
are eliminated. 

The rotor Inherently provides centrifugal fan action. Pumping loss Is 
regulated automatically to stator heating requirements by using a butterfly 
valve actuated by a bimetal coll actuator In the stator exit air duct. This 
Is similar to the choke actuator on automobile engines. Thus, at higher-speed 
cruise conditions with low power demand, the motor efficiency is Improved by 
reducing airflow pumped by the motor rotor. 

Rated motor power Is 20 kW, and top speed Is 14 000 rpm. The 10-pole 
machine has a frequency at maximum speed of 1)66 Hz. The calculated motor 
performance characteristics are shown in fig. 93. 
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Figure 93# —Permanent magnet motor performance. 



Transmlsslon . — Tho initial transmission stage Is a fixed ratio 3.5:1 speed 
reducer. This device Is a traction unit configured In a planetary design with 
the planet rollers fixed to the housing. All elements operate In pure rolling 
contact. This design was chosen because It provides smooth, quiet power trans- 
mi ssio' at efficiencies in excess of 97 percent. The design is similar to other 
units that have been built and tested (refs. 20 and 21). 

The variable action of the CVT Is achieved In the double-cavity toroidal 
drive. The main shaft of the transmission has a drive disc attached to each 
end; the discs have a section of toroidal shape. Two similar discs are located 
Inboard of the outer discs, and form the two cavities. The inboard discs are 
mounted on reparate bearings and are capable of a limited amount of axial motion. 
Rollers, mounted on swivel shafts, contact each set of Inboard and outboard 
discs. The drive ratio is changed by swiveling the contact rollers from contacts 
close to center on the drive discs and far frorr center on the driven discs to the 
other extreme of far from center on the drive discs to close to center on the 
driven discs. The rollers are not forced Into 'i^'o position but are steered 
as the wheels of a car by low-pressure hydraulic , stons that balance Internal 
tangential forces that are generated at the roller contacts. 

The transmission of power between srto< t! filling surfaces requires a sub- 
stantial normal force, but the contact loads rrtust be low enough to ensure an 
adequate fatigue life. Power transmission also is limited by the possibility 
of slip between the rollers, since slip loads to rapid wear failure. These 
limits have boon increased by the use of modern traction lubricants ♦■hat pro- 
vide high resistance to slip and high viscosity to reduce wear. Those new 
lubricants have considerably extended the power rango of ♦raction transmissions, 
permitted the use of higher forces, and extended transmission life. The contact 
forces required are heaviest when the traction contact is close to the center- 
line of the drive disc, and lower as the contact running radius becomes greater 
on tlie drive disc. This contact force is adjusted by a loading cam located 
between the two central discs that provides a separating force and ‘♦hereby 
generates equal forces for the two cavities. The contact forces arc balanced 
within the end disc, and no heavy thrust bearings are required for the rotating 
assemo I /. 

An oil pump is located within the housing to provide pressure for the 
hydraulic control pistons and circulation of lubrication. Control of the 
pistons, which position the traction rollers, is accomplished by an electro- 
hydraulic valve, which es+abl i shos the CVT ratio in response to an electrical 
control signal. The power output of the CVT is through the central gear, witn 
a reduction ratio of 4:1. The CVT ratio ranges from a reduction of 3.0:1 to 
an overdrive of 0.3; 1« Tne fixed-ratio planetary traction speed reducer at 
the evT input reduces '♦he maximum motor shaft speed of 14 000 rpm to a CVT 
input of 4000 rpm. The speed of tre electric motor and heat engine are varied 
as a function of vehicle velocity and load using the CVT. The CvT ratio is 
oojusted to favor rhe electrical motor by placing it in its ideal efficiency 
region. The calculated CVT performance is shown in fig. 94. 


144 


90 





Output power, kW 


Figure 94.— Traction 
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O utput drive and dl ffentlal ■— The output of the CVT (s first through a 
gear Feduction, and then through a chain reduction of 3:1 to the differential. 
This output speed reduction can be accomplished at high efficiency by careful 
attention to gear design, bearing selection, and lubrication control* 

The losses In a speed reducer are attributed to several principal effects; 

(1) Meshing Losses — SI Idinq losses of the tooth surfaces, proportional 
to load, speed, tooth accuracy, and surface finish 

(2) Bearing Losses — Proportional to torque, bearing size, and the square 
of the speed 

(3) Lubricant Churning and Pumping Losses— Proport tona I to the square of 
the speed 

The design presented minimizes meshing losses by use of spur gears where the 
predominant motion Is rolling rather than sliding. Bearing losses are minimized 
by the use of ball bearings carefully sized for the load. Lubricant churning 
and pumping losses are minimized by use of mist lubrication and avoidance of 
moving elements in the oil sump. Lubrication is common with the CVT, using the 
same lubricant and with circulation by the CVT oil pump. By proper attention 
to all these points, it is possible to achieve a gear mesh efficiency as high 
as 99 percent. 

Chain drives have been shown to achieve very high efficiencies over a broad 
range of operation. Comparative data on gear and chain drives is shown in table 
33 (ref. 22). 


TABLE 33* “GEAR AND CHAIN DRIVE EFFICIENCY 


Torque, 
N m 

Hypo id 

gear efficiency, 
percent 

^‘Hy Vo 
Chain 

Spiral bevel gear 
eff iciency, 
percent 

250 

96.5 

98.5 

98 

150 

93 

98.5 

97.5 

25 

89 

98 

94.5 


*.Chain manufactured by Morse Chain Company 


f 

Heat engine * “The heat engine selected for the power train is a standard 
Ford 2300-cm2-d i sp iacement engine. The four-cylinder overhead cam engine is 
of cast iron construction, with a total weight of 199 kg. The crankshaft is 
supported by five main bearings’, and the camshaft by three bearings. The cam- 
shaft is belt driven by the crackshaft. 
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Tho enyino Is equipped with all the required smog controls. Ventilation 
of tho crankcase is effected by the vacuum created In the Intake manifold when 
tho onglno Is running and varies with the changes In vacuum. A portion of the 
fresh air enter Ing tho air cleaner bypasses the carburetor to be drawn Into 
thu Intake manifold via primary vent hose, cylinder head cover, crankcase, oil 
suparator (on loft sido of engine), ventilation control valve, and secondary 
vunt hose. 

The engine lubrication system is the force-feed type I ncorporatlny a 
full -flow oil filter. The oil pump draws oil from the pan through a screen and 
forces it via a short passage Into the full flow oil filter. From tho center 
passage of the oil filter, the oil enters tho main oil gallery. Tho five crank 
shaft main bearings and the throe camshaft bearings are In direct connection 
with tho main oil gallery. The connecting rod bearings are supplied with oil 
from tho front and roar main bearings via inclined passages. A squirt hole In 
urjch connecting rod crankpin end supplies oil to the piston thrust side. Tho 
uu>^iliary shaft Is In direct connection with the main oil gallery. Thu dis- 
tributor shaft Is intermittently supplied with oil from a passage drilled in 
thu auxiliary shaft at right angles to the shaft axis. Tho cams and cam 
follov/or arms are supplied with oil from tho center camshaft bearing (which 
is provided with a groove 180 dog around its periphery) via an oil line. 

As long as tho engine is cold, tho coolant passes only from water pump 
through engine and Intake manifold, automatic choke, and heater core back to 
tho pump. This ensures a quick warming up of tho engine to operating tempera- 
ture. As soon as the engine has attained operating temperature at a thermostat 
setting of 90“C opening temperature, tho coolant flows via the outlet housing 
to the radiator (where it Is cooled), back to the pump, and Into the engine. 

I he engine coolant drain plug is located on tho right side near the clutch 
housing. The thermostat Is located in the water outlet housing. 

The float engine Is connected by a chain drive, without speed change, 
to a clutch. The clutch is mounted on the transmission shaft, so that the 
transmission input is at engine speed. 

Llectronlc control unit . — The electronic control unit is located in a 
separate package with an estimated weight of 36 kg. This weight Includes 
electronic components, heat sinks, and cooling fan. The electronic control 
unit consists of two main systems; tho power control unit for control of motor 
power; and the system controller, a microprocessor, that controls system opera- 
tion in response to drive commands. 

The basic control scheme for the power control unit Includes the following 
a chopper that controls the motor current; a silicon-controlled rectifier (SCR) 
inverter with an auxiliary commutator for commutating the inverter switches 
during the motor start sequence; and a regenerative switching scheme that 
returns energy to the battery during braking. A block diagram of the elec- 
tronic control unit is shown In fig. 95. 
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Figure 95.— Electron ic control unit block diagram. 


The electronic control unit is completely solid state. There are no 
relays or mechanical switches, and the basic control scheme has been structured 
so that state-of-the-art components (e.g., pulse width modulation integrated 
circuit, CMOS switches, microprocessor) can be utilized to improve flexibility 
and minimize cost, size, and weight. The risk Involved In mechanization of the 
proposed controller is minimal since all of the major concepts involved have 
been used in previously built state-of-the-art hardware. 

The inverter power section is functionally identical to those used for a 
pump motor controller. These Inverter bridges are of conventional design and 
require minimal development effort. A schematic of the unit is shown in fig. 
96. 


The auxiliary commutator is also identical to that recently developed for 
a pump motor controller. As shown on the diagram, this commutator utilizes 
three significant components; a diode (CR5), an SCR (CR2), and a capacitor 
(C2). The Inverter devices are inhibited from functioning until capacitor (C2) 
is charged by the chopper. When the voltage across C2 has reached a predeter- 
mined value, the inverter devices are allowed to operate under control of the 
inverter logic circuit. When commutation is required, SCR CR2 Is turned on 
allowing the motor inductance to resonate with capacitor C2. During the first 
negative half-cycle of resonance, the inverter devices that had previously been 
on are commutated together with SCR CR2, and the logic drive to the Inverter 
is inhibited, which prevents any further activity In the inverter until the 
capacitor C2 is recharged. This sequence Is repeated six times per cycle until 
the inverter commutation mode is changed from forced commutation to line com- 
mutation. 













The motor controller has three basic modes of operation: 

( 1 ) Start mode 

(2) Run mode 

(3) Regeneration mode 

In the start mode, the chopper Is actuated by the system controller, which 
uses signals from the rotor position sensors to activate the Inverter switches 
in the correct sequence for rotation. In this mode of operation, the motor 
current is controlled by the chopper. Inverter commutation, which Is required 
six times per back emf cycle. Is effected by the auxiliary commutation circuit. 
When the motor has attained a speed at which the back emf Is adequate for 
natural commutation, the control mode Is automatically changed to the run mode. 

In the run mode the chopper is set to maximum duty cycle, and the motor 
current is controlled by varying the p angle of the Inverter. Thus the system 
power dissipation is minimized by allowing the motor back emf to be at maximum 
voltage at approximately 50 percent speed. At all speeds between 50 percent 
and 100 percent, the p angle is adjusted to alter the effective back emf of 
the motor. The result Is similar to field weakening in a conventional dc 
machine. This mechanization minimizes the size and weight and maximizes the 
efficiency of the system. When braking is required, the system controller 
selects the regeneration mode. 

When braking is required, the chopper output current is commanded to zero. 
This allows all Inverter devices, CR6-CR11, and the regeneration mode switch, 
CRl, to corwnutate. The inverter controller then selects first quadrant oper- 
ation for the Inverter and the motor, which is now functioning as a generator, 
and returns current to the battery through diode CR4. This current level Is 
also controlled by varying the inverter angle. The current path in this mode 
of operation is comprised of flyback diode CR3, inductor LI, the inverter 
bridge, and diode CR4. 

A significant portion of the power dissipated by the motor controller is 
In the chopper. The size and weight of the chopper /choke are also affected by 
the chopper frequency. The optimum chopper switch has a low saturation voltage 
and minimal rise and fall times. This permits high-frequency operation of the 
chopper (10 to 15 kc) and minimizes the size and weight of the choke. Several 
transistor manufacturers are involved in developing such a transistor. 


WEIGHT AND COST SUftlARY 

A summary of the weight and cost of the propulsion system components is 
presented in table 34. The purchase price noted is the final cost to the 
consumer. The CVT and drive train components have been combined, since they 
are designed as an integrated unit. 
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TABLE 34. —PROPULSION SYSTEM COST AND WEIGHT SUMMARY 


Component 


Heat engine, spark 
Ignition 


E I ectr I ca 1 tract I on 
motor 


Electronic control 
unit 

Transmission and 
drive train 


ISOA lead -acid 
batteries 


Total 


Rating 


65 kW at 4000 rpm 


20 kW at 14 000 rpm 


40 kW 


90 KW 


100 W/kg, 40 W-hr/kg 


Weight, 

kg 

Purchase price, 
$ 

199 

410,00 

12 

375.00 

36 

905.00 

167 

520.00 

386 

1004.00 

800 

3214.00 
























SYSTEM OPERATION AND CONTROL 


The following description of the propulsion system operation Is presented 
to illustrate the manner in which the various components operate when the 
vehicle negotiates driving maneuvers# In general, operator commands from the 
control devices, such as the accelerator pedal and brake pedal, are transmitted 
to the system controller. The system controller, a m I croprocessor , responds 
to operator commands In accordance with the preestabl Ished control logic, and 
controls the active components to produce the required system performance. 


Starting Sequence 

The system is activated by turning on the ignition key; however, the 
starting sequence varies depending on whether the heat engine temperature Is 
above or below a preset operating level. 

Cold start .— When the heat engine temperature is below the preset limit, 
the heat engine will automatically start and run at idle speed as soon as the 
operator turns on the Ignition. The engine starter is a fast-start device 
activated by the system control ler, and does not require operator action. 

Hot start .— When the heat engine temperature is above the preset limit, 
the heat engine will not start until some power output is required. Turning 
the ignition key will activate the system but not initiate any activity in 
the power train. 


Acceleration 

To put the vehicle in motion, the operator depresses the accelerator pedal. 
This action causes the controller to supply electrical energy to the traction 
motor immediatly. The CVT is spring biased to be In the maximum reduction 
ratio when the vehicle is stopped. Therefore, the traction motor can rapidly 
accelerate to an operating speed within the range of good motor efficiency 
while the vehicle speed is still very low, below 3 km/hr. During the regime 
of initial acceleration the heat engine is not connected to the CVT since the 
engine clutch is not engaged. 

At a vehicle speed of approximately 3 km/hr, with the CVT still in maximum 
ratio, the input shaft of the CVT, driven by the traction motor, will reach 
the nominal idle speed of the heat engine, at which point the heat engine is 
started and clutched into the power train. Following this action, power is 
supplied by both the traction motor and the heat engine in accordance with the 
power split conditions programmed into the system controller. 

Power command .— The operator commands system power by use of the accel- 
erator pedal, with the power supplied proportionate to the accelerator pedal 
excursion. The operator command goes to the system controller, and the system 
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controMer achieves the programmed balance of power by the coordinated adjust- 
ment of three parameters: 

(1) Electrical power flow from the power control unit to the traction 
motor 

(2) Input /output ratio of the CVT 

(3) Throttle setting of the heat engine 

Power split .— The primary controller objective is to achieve the commanded 
power by a 70/30 power split, where the heat engine supplies 70 percent of the 
power and the traction motor supplies 30 percent. An adjustment is first made, 
however, to ensure that the traction motor Is operating at optimum efficiency; 
then the heat engine is regulated to supply the balance of the required power. 

An examination of table 35 shows that for any given output power from the 
traction motor, maximum efficiency is achieved at a particular speed. Conver- 
sely, if the motor Is operated at one of four different speed levels through- 
out the power range, It will always be at, or near, maximum efficiency. There- 
fore, if the power control unit supplies a given power to the traction motor, 
the CVT can then be adjusted to provide the ratio of motor shaft speed to 
vehicle axle speed such that the motor is operating at top efficiency. 

Selecting the traction motor speed by adjustment of the CVT automatically 
sets the heat engine speed. Adjustment of the throttle will then achieve the 
necessary output power of the heat engine. 

Power limit .— The 70/30 power split condition Is applied up to the point 
where the traction motor Is supplying maximum output. Beyond this point the 
heat engine power is Increased, in response to increased commands, until maximum 
heat engine power Is achieved. This condition represents maximum system output. 


Steady-state Operation 

After a period of acceleration, the operator can adjust the acceleration 
pedal position until the power level is Just sufficient to maintain a constant 
speed. When the vehicle Is no longer accelerating, the power source is further 
regulated by reference to the battery depth of discharge, and the system operates 
either in electric mode or heat engine mode, as shown in table 35. 

Electric mode . — When the battery has not been discharged below 80 percent, 
the system operates in the steady-state condition as an electric propulsion 
system. All propulsion power is supplied by the batteries. Therefore, If the 
system were used only for short trips with periodic wall-plug recharging, the 
only petroleum usage would be during acceleration. The heat engine simply 
serves as an energy buffer for acceleration. 

Heat engine mode .— When the battery has been discharged to a depth of 80 
percent, the heat engine is used as the steady-state energy source. The heat 
engine supplies energy to power the system, but no power Is used to charge the 
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power split goes to 30$ batt. and 



battttry. The battary may recover some energy (n regeneration, and It kIII 
still be used to provide power during acceleration. In the heat engine mode 
the battery serves as a buffer to the hoot engine for acceleration. 


Coasting 

If the accelerator pedal Is allowed to return to Its undepressed or null 
position, the power output of the traction motor and the heat engine will cease. 
The heat engine will be declutched, but the CVT and the traction motor will 
continue to rotate. To provide some positive deceleration force, similar to 
compression braking In a conventional automobile, the traction motor Is used to 
provide a low level of electrical regeneration to the battery. The regenerated 
power would occur at the expense of vehicle kinetic energy, hence the vehicle 
would slow down more than If there were only frictional losses. 


Deceleration and Braking 

When the brake is applied, electrical regeneration to the battery takes 
place at a progressively greater rate, proportionate to the pressure on the 
broke pedal. When the maximum capacity of the traction motor, acting as a 
generator. Is reached, further braking Is obtained by use of friction brakes. 
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EFFECTS OF HEAT ENGINE OPERATING MOOES 


Th« selected propulsion system design uses the heat engine to supply 
powitr to the system when needed# and to be Inoperative when not needed* This 
type of on-off operation can have a significant effect on engine life# depend- 
ing on the environmental temperature and the frequency and duration of the 
intermittent operation* The principal problem is cold operation during which 
the engine crankcase and water Jacket are operated below their optimum tempera- 
ture level* 


Cold Operation 

Present-day engines and cooling systems are designed to prevent the crank- 
case oil from reaching excessive temperatures and to keep coolant well below 
the boiling point with engine operation at maximum rated speed and load in the 
hottest summer temperatures of the desert. As a result most engines are over- 
cooled when run under less severe conditions, and particularly In Intermittent, 
moderate, or light duty operation. 

This overcooling means that operating a heat engine in an on-off mode may 
result In undesirably low water-jacket and crankcase temperatures. Engine 
jacket and crankcase temperatures are of vital Importance In controlling blow-by 
of combustion products past the pistons and subsequent oil contamination with 
soots, moisture, lead salts, and fuel residues. Oil contamination. In turn, 
leads to both erosive and corrosive wear In the engine (ref. 23). 

Engine warmup .— After the engine has been started, the length of the warmup 
period is Influenced by the ambient temperature, the design of the engine, and 
the fuel volatility. Generally, the less volatile the fuel, the longer the 
warmup time at a given atmospheric temperature. As the temperature decreases, 
warmup time increases. Tests with various cars (ref. 24) showed that a drop 
In atmospheric temperature from 10*C to -20 ®C more than doubled the warmup time, 
and some cars require more than 12 min to warmup at the coldest temperature. 

Engine cool ing .— Tests of engines cooling after a run Indicate that the 
cooldown time is much longer than the warmup time (ref. 25). Cooldown time 
may take several hours, depending on engine design and environmental tempera- 
ture. Therefore, engine design for optimum warmup appears to be more critical 
than protection against cooldown. 


Engine Wear 

Although motor oil is commonly regarded as the chief preventive (or cause) 
of engine wear, oil can effect relatively little change or Improvement In 
engines where high rates of wear prevail. Following are three basic causes 


of engine wear; the first two, erosion and corrosion, are accelerated to even 
'a greater degree by cold engine startings 

(1) Erosion: Wear caused by fnatal-to-metal contact from Inadeqate 
lubrication. 

(2) Corrosion: Chemical attack of metal surfaces by corrosive constit- 

uents and moisture originating from the combustion process. 

(3) Abrasion; Wear caused by dust, dirt, and solid particles In the 
intake air to the engine Induction and ventilation systems. 

Erosive wear .— Engine wear by erosion has been defined as that caused by 
lack of or Inadequate lubrication. Obviously, one of the chief functions of 
motor oil Is to prevent erosive wear by Interposing fluid oil films between 
rubbing surfaces to preclude meta I -to-meta I contact and consequent wear, scor- 
ing, or seizure. In certain phases of engine operation, however, maintenance 
of adequate lubricating oil films Is not possible, and erosive wear results 
not from Inadequate qualities of the oil but from an Insufficient quantity to 
provide the required lubrication. Such conditions of oil starvation pertain 
In the piston and ring zones during starting of cold engines. During the 
starting interval and the first few minutes of running after starting, engine 
speeds and temperatures are too low to allow circulation of oil to the cylinder 
walls, and the only lubrication available is thus from oil remaining on the 
walls and rings from previous operation. Additionally, these films of residual 
oil are subject to dilution and washing by raw gasoline from the rich mixtures 
during starting. In cold weather, during which the carburetor choke Is used 
for appreciable intervals, high rates of gasoline dilution and washing of the 
oil prevail for appreciable time Intervals, and the rings and cylinders then 
receive little If any viscous lubrication. Erosive wear Is thus a major factor 
during starting, and engines subject to frequent stops and starts are accordingly 
subject to high wear (ref. 23). 

Corrosive wear .— The low engine temperatures that prevail until an engine 
Is adequately warmed up foster corrosive attack by condensation of combustion 
products. For every gallon of fuel burned In an engine, approximately one gallon 
of water Is formed within the combustion chambers. The combustion of fuels also 
results In formation of carbon dioxide, small amounts of sulfur oxides from 
organic sulfur compounds In the fuels, traces of nitrogen oxides from fixation 
of nitrogen by the high combustion temperatures, and small amounts of bromine or 
chlorine compounds during the use of tetraethyl lead treated gasolines. All of 
these combustion by-products, on condensation or reaction with water, form acidic 
and potentially corrosive materials, comprising carbonic acid, sulfurous and 
sulfuric acids, nitrous and nitric acids, and hydrobromic or hydrochloric acidss. 

In engines that operate at adequately high temperature levels, these com- 
bustion products are largely blown out the exhaust and thus have limited oppor- 
tunity to cause engine damage. In engines operated unller conditions fostering 
low cylinder-wall temperatures, however, the moisture and acidic products may 
readily condense and collect to promote corrosive attack of the wall and piston 
ring surfaces, and to accumulate within the engine and In the crackcase oil 
(ref. 26). 
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Cold-Engino Sludge 


If an engine Is operated with low cylinder-wall temperatures, condensation 
and washing of combustion chamber products past the pistons causes oil contamina- 
tion. If the crankcase temperatures are also undesirably low, and If th^ engine 
also suffers from poor ventilation, moisture and volatile fuel contamination 
cannot be purged from the oil. The blow-by contaminants In tfeie oil then accumu- 
late and increase In quantity until a critical point Is reached at which they 
begin to coagulate and separate out as co id-engine sludges. In this first phase 
of formation, the sludge Is usually of the soft pasty type and can readily be 
carried by the oil to those parts of an engine where oil flow Is slow or res- 
tricted and where the sludges can then settle out and deposit. This action 
results In the accumulation of deposits in such places as valve galleries, over- 
head rocker-arm compartments, timing gear cases, crankcase sumps, oil filter 
housings, and oil pump screens. 

Sludge compos 1 1 1 on . —The composition of cold -engine sludge has been analyzed 
(ref. 23), and the results are presented in table 36. 


TABLE 36.— COMPOSITION OF COLD-ENGINE SLUDGE 


! ^ 

1 Substance 

Content In 
gasol i ne 
engine, 
percent 

Content In 
d 1 ese 1 
engine, 
percent 

; Oil 

50 

42 

• Water 

j 

8 

3 

1 Soot and carbon 

21 

34 

1 Lead sa I ts 

10 

0 

1 Oxidized hydrocarbons 

ii 

10 

19 

Trace elements 

1 

2 


Note that the composition of these sludges for the two types of engines Is 
very similar. The only significant difference is the absence of lead salts and 
the presence of high amounts of oxidized hydrocarbons In diesel sludge. Since 
diesel fuels ate considerably less volatile than gasoline, it is entirely 
possible that unburned and partially oxidized diesel fuel will be even more sus- 
ceptible to oxidized hydrocarbons than is the case with gasoline. Operating a 
combustion engine at higher temperatures will reduce the percentage of water and 
increase the percentage of lead salts. 
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since diesel fuels are relatively heavy and nonvolatile, they require near 
perfect conditions to assure good combustion. Any engine factor that Inter- 
feres with good combustion of the heavy fuel Immediately results In poor burning 
and formation of large volumes of soot. When a diesel Is operated In such a 
fashion, the amount of oil contamination with blow-by soot can reach massive 
proportions. 

Crankcase vent 1 1 at I on .— Adequate crankcase ventilation Is a vital factor In 
sludge formation. Most engine ventilating systems function efficiently only at 
high road speeds, and are ineffective at low speeds or idling. A combination of 
low water-jacket and crankcase temperatures plus poor ventilation means that 
blow-by contaminants that enter the crankcase stay there and accumulate. The 
low-temperature type of engine sludge deposit thus originates from excessive 
oil contamination with combustion products; It Is a condition that cannot be 
corrected by oil or fuel alone, regardless of their qualities, and depends 
essentially upon details of engine design. 


Operating Tests 

Tests have been run to determine some of the effects on a gasoline spark- 
ignltlon engine during prolonged cold engine operation (ref. 27). The tests 
were in the form of 48-hr idling tests conducted to study the effect of pro- 
viding an oil filter, forced crankcase ventilation, and modification of the 
carburetor air-fuel ratio. The results are summarized in table 37. 


TABLE 57.— EFFECT OF ENGINE MODIFICATIONS ON OIL CONTAMINATION 
AS FOUND IN 48-HR ENGINE IDLING TESTS 


Jacket inlet temperature, 49 ®C 
Jacket outlet temperature, 54 ®C 

Crankcase ol 1 
Engine speed. 

temperature, 
no load, 600 

52®C 

rpm 


Test 1 

Stock engine 
setup 

Test 2 
Oil filter 
instal led 

Test 3 
2400 cm2/s 
Forced 
venti 1 at Ion 

Test 4 
14:1 Air- 
fuel 
ratio 

Oi 1 drain analysis: 






Fuel dilution, percent 

19.0 


21.0 

3.0 

3.6 

Total insolubles, percent 

3.0 


0.2 

1.0 

0.8 

Lead salts, soot, percent 

2.3 


0.1 

0.8 

0.6 

Resins, percent 

0.7 


0.1 

0.2 

0.2 

Engine condition: 






Sludge deposits 

Heavy 


Slight 

Slight 

Slight 

Moisture condensation 

Heavy 

— — 

Heavy 

None 

None 
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O M f I Itratl on # —Results of an Idling tost with a stock engine run with 
a Jacket Inlet temperature of 49®C and a crankcase temperature of 52‘C are shown 
In Test It Oil contamination was severe, and sludge formation and water conden- 
sation within the engine were heavy# Results of a repeat test under Identical 
conditions but with an oil filter Installed are shown In Test 2# Oil contamina- 
tion with Insolubles was almost eliminated although fuel dilution was of the 
same high order# Engine deposits were minor, as would be expected from the low 
Insoluble content of the oil, although moisture condensation within the engine 
was still heavy# The oil filter did an efficient job of removing insoluble con- 
taminants from the oil during the test period, but had no effect on soluble 
contaminants# Of even greater Interest was the fact the oil filter required 
two cartridge changes (three cartridges In 48 hr) to keep the oil continuously 
clean* Under these Idling conditions, the rate of oil contamination with blow- 
by Insolubles was so high that the cartridges plugged up and lost filtering 
efficiency in very short periods of time. Although the oil filter was of defi- 
nite benefit in controlling the insoluble content of the crankcase oil, its 
limitations are equally obvious. 

Forced venti I at ion .— Test 3 shows results of an idling test in which the 
engine modification consisted of forced ventilation at the rate of 2400 cm^/s. 

In spite of the very low engine operating temperatures in this test, the positive 
ventilation reduced fuel dilution very markedly, and eliminated moisture conden- 
sation within the engine. Oil contamination with insolubles was also reduced 
very materially, although the reason for this finding is not known. Repeat tests 
gave the same results. In line with the reduced oil contamination brought about 
by positive venti lation, the sludge deposits within the engine were very slight. 

Carburet I on . — Test 4 shows results of a 48-hr test, with the engine fitted 
with a special carburetor installation to produce a 14:1 air-fuel ratio at 
idling (no load). Results in oil contamination and engine deposits were almost 
identical to the run with forced ventilation. With the standard carburetor, 
air-fuel ratios at idling cannot be determined accurately but are probably 
richer than 10:1. Control of air-fuel mixtures in a more efficient range pro- 
duced a most noteworthy improvement in the oil contami nation -sludge deposit 
characteristics. 

Water condensation .— During the engine idling tests, some 300 oil samples 
Were withdrawn from the engines at various intervals for analysis. While these 
samples showed heavy contamination with fuel and blow-by solids, in no case did 
the amount of water contamination ever exceed 0.3 percent. On the other hand, 
examination of the engines at the end of 48-hr test intervals frequently revealed 
large amounts of water condensation in the push-rod compartment, rocker arm 
compartment, and crankcase sump. In some cases the water existed as droplets 
condensed on the metal surfaces, and in other cases as puddles or pasty emulsion 
sludges. 

The amount of water condensation found in the various idling tests corre- 
lated quite closely with the engine jacket and crankcase temperatures. With 
crankcase oil temperatures of 50®C and lower, free water or emulsion sludge was 
found in the crankcase sump. These quantities diminished with increase in crank- 
case temperatures, and were substantially absent with oil temperatures of 60°C 
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and higher* Similarly, water condensation In the overhead rocker arm compartment 
was extremely low when thermostats maintained coolant outlet temperatures above 
60*C, but condensation was very heavy Intests with the thermostat removed and 
with coolant outlet temperatures of approximately 50*C and lower* 

Water condensation in the push-rod compartment was found to correlate 
closely with Jacket inlet temperatures* Heavy condensation was noted with jacket 
temperatures of about 50 *C and lower, and became negligible with Inlet coolant 
temperatures of 60*C and higher* At any section of an engine In which prevailing 
temperatures were below about 55®C, moisture condensation was found, and with 
temperatures of 40®C and less, condensation was frequently very heavy* 

Operating limit *— Since water Is known to be an essential factor In conta- 
mination sludge formation, as well as rusting and corrosion of engine surfaces, 
these tests present the following important Indications: 

(1) Water condensation tends to occur In any section of an engine where 
prevailing temperatures are below 55®C. Elimination of moisture 
condensation requires minimum temperatw s of 55°C throughout the 
engine, including cylinder and head Jackets, crankcase, and valve 
compartments. 

(2) Large amounts of moisture condensation can develop within an engine, 
with little or no indication in the crankcase oil itself* Water 
tends to accumulate on convenient engine surfaces or pockets and doe? 
not readily circulate in the oil stream. Analysis of oil samples 
alone may not indicate potential or existing emulsion sludge deposits. 

In summary, the means of preventing excessive cold engine wear is to reduce 
cold -engine sludge, reduce blow-by contamination with improved carburet I on, pro- 
vide adequate crankcase ventilation, and increase cooling system and crankcase 
oil temperatures through the use of temperature control devices, such as radiator 
shutters and automatic, thermally controlled fans* Engine insulation on crank 
pans and valve covers will also be beneficial* 
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DISCUSSION OF RESULTS 


This report has presented a study of various mission vehicle/hybrid 
propulsion system concepts. Each vehicle/propu Islon system combination was 
required to meet the performance goals that were established as part of the 
contract. 

The general results of the study are as follows: 

(1) Significant fuel savings are available with hybrid propulsion 
systems. 

(2) At current (1985 projected) fuel and electricity prices, the hybrid 
propulsion system will cost the consumer more to own In both acquisi- 
tion and life-cycle costs than would be required for an equivalent 
conventional heat engine system. 

(3) Power sharing between the two energy sources (heat engine and 
battery) is required to maximize the electric range of the hybrid 
propulsion system and minimize the cost of ownership. 

(4) Addition of a third energy source such as a flywheel to an Integrated 
hybrid propulsion system Is not cost effective. 

(5) A conventional spark- ign ition heat engine Is a cost effective power 
plant for a hybrid propulsion system. 

(6) The nickel -zinc battery is not currently cost effective for a hybrid 
propulsion system. 

(7) A hybrid system is less sensitive to battery performance charac- 
teristics than a purely electric propulsion system; however, the 
hybrid system is still sensitive to battery purchase price and cycle 
I I fe. 

(8) A hybrid propulsion system Is sensitive to the power control method 
employed as well as the method used to manage the power sharing 
between the two sources. 

(9) A hybrid system requires a more sophisticated driver control and 
power management system than is currently used by the automotive 
industry. 

(TO) A hybrid propulsion system that uses a mechanically commutated dc 
shunt motor is competitive with the advanced motor system of this 
study In terms of fuel usage and cost to the consumer. 

(11) Reduction in the performance goals may offer a means for reducing 
’■ the hybrid propulsion system costs to the consumer. 


CONCLUSIONS AND RECO^WENDATIONS 


Based on the results of the study, an advanced hybrid propulsion system 
for a five-passenger family sedan can be developed by the mld-80*s. Such 
a system would have both the performance comparable to current conventional 
automobiles and sufficient range In the predominantly electric mode to satisfy 
the majority of consumer trips. 

To maximize tho success of a hybrid propulsion system requires! 

(1) Development of a continuously variable transmission (CVT) 

(2) Development of a control and power management system 

(3) Characterization of heat engine on-off operation with regard to 
Its effects on engine efficiency, durability, and emissions and 
the possible special ization of engine designs for on-off operation 

(4) Initiation of battery research and testing to accumulate knowledge 
on the performance of a battery when it Is operated in a hybrid 
system that uses power sharing 

In general, a hybrid propulsion system is more costly to own than Its 
conventional (heat engine) counterpart. The above recommendations have been 
identified as items that, if successfully accomplished, will minimize the costs 
of owning a hybrid propulsion system. In addition, the recommended items will 
have an impact on electric range and fuel efficiency. 
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APPENDIX A 


TASK I PARAMETf^lC RESULTS 


Task I parametric results are presented In Appendix A. 
Curves of prime olectric range, fuel economy, annual fuel 
usage, life-cycle cost, and acquisition cost are plotted 
as a function of battery weight. The vehicle/propulslon 
system designation for each figure in'AppendIx A was pre- 
sented in figs. 1 to 5. The parameters are briefly 
defined as follows; prime electric range is the distance 
the vehicle can travel In the electric mode beginning 
with a fully charged battery pack until the battery is 
80 percent discharged; fuel economy Is the fuel consumed 
divided by distance travelled In the heat engine mode; 
annual fuel usage Is the total fuel consumed over a speci- 
fied one-year, 16 000-km driving schedule; life-cycle cost 
is the total operating cost of the propulsion system over 
a 10-yoar, I6Q 000-km life; acquisition cost Is the retail 
cost of the propulsion system alone to the consumer. 
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Figure A-7.— Task I parametric results for configuration 
2, IB (M. E.S,^ no power split). 
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Figure A-I2.—Task 1 parametric results for configuration 
2.i0 (M.E.S,, with power split). 
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Ar^ENDIX B 


WORK PLAN 


PROGRAM SCOPE AND WORK PLAN 


The work presented In this section describes the program established to 
fulfill the requrements of NASA Contract DEN 3-91. The program for the analysis, 
design evaluation, and ultimate selection of an advanced hybrid propulsion 
system concept for on-road vehicles was performed in six tasks accomplished 
In a 10-month period. The work plan was prepared during the first 2 weeks of 
the program to refine and clarify the contract commitments. Two iterations 
between A I Research and NASA took place to arrive at the plan as described here. 


PROGRAM TASKS 


The program tasks and the expected completion periods are described In 
the contract statement of work. The following flow diagrams and descriptions 
show In greater detail the work effort to be covered under each of the six 
tasks. The flow diagram of the total contract, shown In fig. B-1, includes the 
time span for task and the major objectives. 


Task I, Parametric Studies 

The five vehicles considered and the five propulsion concepts that are to 
be parametrically traded off to determine the vehicle/propulsion system concent 
selected for further refining and analysis in Task II are shown in figs. B-2 
through B-6 (Identical to figs. 1 through 5). 

A flow diagram of the subtasks to be accomplished In Task I Is presented 
in fig. B-7. The Interrelationship Is shown between the subtasks, data needed 
to perform the work, and the source and status of this data. 

The computer parameter format for all the major components is presented 
in fig. B-8. These formats are compatible with the simulation methodology 
program called SIMHYB developed by AlResearch. Within each group of hardware 
alternatives, the components are characterized using the same format. This 
standardization facilitates the programming of the digital computer for each 
of the fifteen vehicle/propulsion system concepts. 


Task II, Design Tradeoff Studies 

A work subtask flow chart for Task II is presented in fig. B-9. The 
interrelationship between each subtask, the data needed to perform the work, 
and the source and status of this data is depicted. The overall objective of 
Task II is to optimize the propulsion system concept selected in Task |. 
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Task flow diagram 


Task I -“3 months 


Select propulsion system and vehicle that maximizes the reduction 
of petroleum consumption and pollution 


Task I I--2-1/2 months 

Determine optimum component and control specifications for 
selected propulsion system for the particular vehicle considered 


Task 111-2-1/2 months 

Design description of the optimized propulsion system 


Task IV— 1 month 

Generate a development plan for the approved 
propulsion system 


Task V 

Contract coordination and conference presentations 


Task VI 

Formal contractual reporting 


Figure B-1 . — Advanced hybrid propulsion system work plan. 
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Figure B-2.— Hybrid propulsion system concept 1.1. 
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Figure B-4* — Hybrid propulsion system concept 2.1 
(with mechanical energy storage). 
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Figure B-5 . — Hybrid propulsion system concept 2.2 
(with mechanical energy storage). 
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Figure B-6 . — Propu I sion system concept 2.3 (with rnochanlcal 
energy storage and heat engine power). 



Work subtAsk 


DiU mnM 


5ourc«/sutuft 


Construction of « 
computer it^ode) for 
propulsion concepts 


i 

Pcvelopmtnt of roqulrod 
system equations for 
computer modei 


t 

Tradeoff various 
propulsion concepts/ 
five ref# vehicles 

Evaluation of each 
propulsion system 
concept 

(1) Enerpy concept 

(2) Energy distribution 


1 

Life-cycle cost esti- 
mate of various 
propulsion concepts/ 
vehicles 

'1 

Selected propulsion 
system vehicle for 
follow-on tasks 


Methodology *..«^ *«* SIMHYP digital ilmulatlon/avinable 

at AIBtfeirch 

Driving cycles ~ ^ ^ ^ Modified, SAE J227A, D cycle or SAE J227A, 

t cycle, contract DEM 

Concepts Identified ^ figure I anu table IV»A, contract DEN J-gi 

Misslon/vihlcle design constraints Table I, contract DEN 
Mlsslon/vehfcle goals ^ Table 1, contract DEN l*$\ 


Performance characteristics oft 

Heat engines ^ ^ ^ ^ Ipark Ignltlon/PInto 

Ofesel/Volkswagen 

Turblne/AIReSearch 

Transmission! — ^ ^ ^ ^ Electrical/AIReiearch 

Fluid type/AIResearch 
Meehan I ca 1 /AlReiearch 

Energy storage devices ^ Flywheel/AIRese^rfch 

gfitterles/ArKesearch/para# J. US 

Electrical maeh^*itry ^ « Oc/AIResearch 

Ac^^Inductlon/AIResearch 

Ac-synchronogs/Aiftesearch 

Electrical power conversion ^ ^ ^ Stepped yoUage/Alftesear^h 

equipment Chojjper/AIResearch 

Inverter/AI Research 


Annual mileage ^ ^ Table II, Contract DEN 3'^Dt 

Component weight growth factors Al Research 

Parametric vehicle weight „ — Table A-l, contract DEN 3-91 
breakdown 

Vehicle weight constants „ ^ Table A-2, contract DEN 3-91 

Meat engines BSfC scale factors ^ AIResearch 


No significant additional ^ ^ ^ AIResearch 

Information 


Cost elb^r.ents defined ^ Table ih, Exhibit A, contract DEN 3-91 

Propulsion component costs ^ ^ ^^AIResearch/Rath and Strong 


Cost of equivalent conventional ^ ^ Rath and Strong 
system 

Fuel consumption of equivalent AIResearch 

conventional system 


Figure B-7#— ‘Task I flow diagram. 
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Figure B-9. — Task II flow diagram. 
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Tnsk II l« Conceptual Design 


A work subtask flow chart for Task III Is presented In fig. B-10. The 
interrelationship between each subtask, the data needed to perform the work, 
and the source and status of this data Is shown. The overall objective of 
Task III Is to describe the selected and optimized concept determined In Tasks I 
and II In sufficient detail that the selected system can be Integrated Into the 
vehicle at the component level. 


Task IV, Development Plan 

A flow diagram of the development plan of the selected and optimized pro- 
pulsion system, previously determined and refined in Tasks I, II, and III Is 
presented In fig. B-11. The objective of this task is to determine the cost 
and workload involved with the development of the selected system. 


Task V, DOE Contractor's Coordination Conference 

The work Involved with program information dissemination and coordination 
conferences requires AIResearch to make two 15- to 20-min presentations of the 
program achievements in the Washington D.C. area to both government and industry 
personnel . 


Task VI, Reporting 

The following work subtasks constitute the formal reporting processes: 

(1) Monthly progress reports 

(2) Two informal reviews at NASA after completion of Tasks II and IV 

(3) One formal review at NASA that follows completion of Task III and 
that covers Tasks I, II, and III. 


PROGRAM SCHEDULE 

The 10-month program schedule shown in fig. B-12 includes amendments agreed 
to during ihe course of the work. 
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Figure B-10 Task III flow diagram. 
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requirements, materials, 
and facilities required to 
perform above tasks 


As above 


Ai Research 




Twenty copies of this 
development plan to 
the NASA project manager 


As above 


A i Research 


Figure B-11. — Task IV flov/ diagram. 
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